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ABSTRACT 
Across evolutionary time, correlational selection can cause the co-dependencies of 
multiple functionally related traits, leading to tightly correlated suites of traits known as 
integrated phenotypes. While it is conceptually appreciated that integrated phenotypes 
should benefit fitness through increased functional performance, few studies have shown 
evidence for this empirically. Further, within applied fields such as aquaculture, single-
trait predictors of performance and fitness have been predominantly targeted without 
accounting for multi-trait contributions to desired phenotypes, potentially failing to 
maximize growth across generations in captivity. Throughout this thesis, I holistically 
examine the causes and consequences for the co-variation between functionally related 
physiological (cortisol) and behavioural traits (foraging, sociality and disturbance-
sensitivity) amongst seven outcrossed (Wild x Domestic) and one fully domesticated 
populations of Chinook salmon (Oncorhynchus tshawytscha). I take a hierarchical 
approach progressing through levels of complexity (single- to multi-trait models) to 
determine whether integrated phenotypes can be identified at the family and/or population 
levels across two environmental conditions (fresh and salt water) found in salmonid 
aquaculture. I determined that the process of outcrossing can generate important inter-
population variation in cortisol and behavioural traits, particularly within the freshwater 
environment. In one study, I found that at a family level, the tight integration of nighttime 
cortisol exposure (6:00pm-6:00am) and behavioural phenotype, with intermediate rather 
than extreme values interacting to generate a hormetic relationship that maximized body 
size at a population level. Additionally, I determined in a second study that a three-way 
interaction between baseline cortisol (7:30-10:30am), foraging and sociality behaviours 
predicted performance (biomass and body mass), again within the freshwater 
		 vii	
environment. In this same study across environments, I determined that the interaction 
between foraging and sociality in fresh water (juveniles) could predict body mass in salt 
water (adults). However, at no level of investigation (i.e., family or population) did I 
observe integrated phenotypes amongst saltwater-expressed traits and further, freshwater 
performance was not a simple predictor of saltwater performance. Overall, interactions 
between multiple traits within our models were consistently the best predictors of 
freshwater performance supporting predictions that functional performance can be 
increased through phenotypic integration. This work illuminates the role of phenotypic 
integration in optimizing relationships between hormones and behavioural traits to 
increase functional performance, and can be applied within aquaculture production to 
promote more effective and robust selection of ideal phenotypes. 	 	
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CHAPTER 1 –GENERAL INTRODUCTION 
Predicting variation in performance/fitness of wild and domesticated populations 
Perhaps the holy grail of evolutionary ecology is the ability to identify a suite of traits 
capable of predicting individual- and population-level variation in performance (e.g., 
growth, body size, reproductive output; Broderick et al. 2003; Rotz et al. 2005) and 
fitness (e.g., reproductive success, survival; Hall et al. 2010; Kjellander et al. 2004; 
Koolhaas et al. 1999; Schumaker 1996). Indeed, determining the adaptive value of a 
phenotype is often dependent on assessing how underlying mechanisms interact with 
environmental variation to ultimately impact fitness (Laughlin and Messier 2015; 
Peckarsky et al. 1998; Ricklefs and Wikelski 2002). Although many phenotypic traits 
have been proposed as mechanisms to lie at the heart of variation in performance and 
hence fitness, physiological measures (i.e., hormones) are thought to be particularly 
important due to their role in regulating an individual’s physiological state within an 
environment (Lessells 2008). While variation in hormones can directly impact 
performance (Bonier et al. 2009), hormones can also indirectly impact performance and 
fitness via the control of behavioural traits (Hau 2007; Ketterson and Nolan 1999; Trainor 
and Marler 2001). Indeed, hormones have emerged as particularly powerful regulators of 
behavioural variation given their pleiotropic effects (Cheverud 1996) and both 
activational and organizational roles (Williams 2008). Further, when changes in a 
hormone and subsequent behavioural traits positively affect fitness, correlated suits of 
traits can develop via correlational selection (Sinervo and Svensson 2002). Moreover, 
environmental effects can be significant drivers of correlational selection thus leading to 
localized correlated suits of traits amongst populations shaped through the process of 
		 2	
local adaptation (Archard et al. 2012; Taylor 1991). As such, there has been a recent and 
increasing interest in examining the adaptive potential of these complex phenotypic 
interactions, not only to determine the underlying mechanisms at the heart of variation in 
performance and fitness (Ketterson et al. 2009; Klingenberg 2014), but also to predict 
variation in performance within domestic breeding frameworks (Bentsen and Olesen 
2002; Browdy 1998). 
  
Correlational selection, local adaptation, and phenotypic integration 
Correlational selection can occur when the selective advantage of one trait is dependent 
on another trait due to interactive and epistatic effects rather than additive (Phillips and 
McGuigan 2006). If the correlated suite of traits offers increased fitness benefits, the 
genetic covariance is expected to become tighter and thus increase the frequency of those 
allelic combinations over time (McGlothlin and Ketterson 2008; Phillips and Arnold 
1989). The proximate causes for integrated phenotypes are many, including genetic 
constraints and/or the physiological control of behavioural traits (Sinervo and Svensson 
2002). On a genetic level, if two or more traits are heritable, integration can occur by 
shaping genomic architecture where correlational selection favours trait combinations, 
coupling underlying alleles at loci promoting gene linkages (Sinervo and Svensson 2002). 
Moreover, hormones can be pleiotropic and thus influence multiple systems 
simultaneously via their binding to similar receptors on different tissues. Indeed, 
hormones transduce genetic and environmental signals to affect gene transcription in 
desired target tissues, offering an abundance of phenotypic outcomes due to the 
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occurrence of binding proteins expressed by the target tissue (Flatt and Tatar 2005; 
Ketterson et al. 2009). Therefore, hormonally-mediated traits are more likely to evolve as 
a co-adapted unit due to the pleiotropic effects of single or many hormones influencing 
downstream hormonally-mediated traits such as behaviour (Cain and Ketterson 2012; 
Rosvall et al. 2012). 
A major driver for ultimately shaping correlated phenotypes is natural selection 
via local adaption since selection rarely acts on single traits alone (Arnold 1983; Blows 
2007; Lande and Arnold 1983; Phillips and Arnold 1989). For example, Calsbeek and 
Irschick (2007) examined how correlational selection on locomotor performance has 
shaped population-level variation of Carolina anole lizards (Anolis carolinensis) in the 
Greater Antilles. They found that local adaption did not select for performance alone, but 
rather on distinctive combinations of morphology, habitat use, and performance metrics.  
These correlated suites of traits derived via local adaptation also occur within behavioural 
syndromes. For example, Dingemanse and colleagues (2007) observed stark inter-
population differences in correlated behaviours (aggressiveness, activity and exploratory 
behaviours), indicating adaptive evolution of behaviour supporting optimal trait 
combinations in localized environments. Generally speaking, researchers have taken two 
approaches when describing and examining the impacts of trait-based contributions on a 
phenotype: single-trait or multi-trait.  
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Traditional single trait approach – univariate correlations 
Most commonly, researchers have focused on the singular effects of a given trait and 
record downstream effects (Biro and Booth 2009; Moore and Marler 1987). For example, 
the effects of egg yolk testosterone on growth in chickens (Gallus gallus domesticus; 
Andersson et al. 2004); release of pheromones related to agonistic behaviour in male 
mice (Mus musculus; Mugford and Nowell 1970); or how boldness influences migratory 
propensity in freshwater roach (Rutilus rutilus; Chapman et al. 2011). One profound 
example by Forsman and Appelqvist (1998) found that selection imposed by predators 
favoured certain combinations of prey coloration and behaviour in grasshoppers (Tetrix 
subulata). Previous to these findings, numerous researchers had identified indirect 
evidence for the vulnerability of prey to visually oriented predators; however, each study 
examined either colouration (Endler 1995; Kettlewell 1973) or behaviour (Lefcort and 
Blaustein 1995; Wasserzug and Sperry 1977) in isolation, not accounting for the 
synergistic effects of the two traits. This study was one of the first to propose that two 
traits may function interactively in predator escape and coloration and argued how taking 
a more simplistic, single trait approach reduced one’s understanding of the correlative 
evolution, therefore leading the way for a more inter-disciplinary approach in studying 
complex phenotypes (Forsman and Appelqvist 1998). While a single-trait approach offers 
some obvious simplified logistical and statistical advantages, it assumes that complex 
systems (behaviour and physiology) operate as single operating parts. Since organisms 
operate as an integrated unit, phenotypic traits are inevitably linked by mutual functional 
activities such as developmental pathways, genetic linkages or pleiotropy (Adams and 
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Felice 2014; Cheverud 1996), making it essential to consider the covariance between 
traits when predicting variation in fitness. 
 
Multi-trait approach - phenotypic integration and phenotypic independence 
Researchers are increasingly taking a multi-trait approach to determine how complex 
phenotypes impact fitness (Murren 2012). Indeed, the multifaceted and interconnected 
roles of hormones and behaviours have shifted ecological and evolutionary researchers to 
a more integrated, multidisciplinary approach to account for potential interactions 
between traits which ultimately influence the complete phenotype (i.e., phenotypic 
integration and independence; Gilmour et al. 2005). As such, the field is now examining 
(1) how suites of behavioural and physiological traits are linked within an individual or 
population, (2) how these linkages impact performance or fitness-related traits, and (3) 
how these complex relationships can be shaped by environmental variation. For example, 
in response to external environmental fluctuations or physiological demands, organisms 
often alter behaviours and/or select specific microhabitats to maintain their internal 
physiology within a relatively narrow range (Dufty et al. 2002). Alternatively, shifts in 
behavioural traits are often modified by changes in hormonal profiles (Fürtbauer et al. 
2015). As such, behavioural and physiological traits are important determinants of how 
individuals and populations respond to changing environmental conditions (Humphries 
and McCann 2014; Killen et al. 2013). A coupled or integrated relationship between 
behavioural traits and hormones is expected to benefit performance and fitness through 
more efficient functional performance (McGlothlin et al. 2007). Indeed, initial empirical 
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datasets suggested that adaptive phenotypic integration, where a hormone drives 
appropriate behavioural responses to environmental stimuli, can maximize fitness or 
performance. For example, Devlin and colleagues (1999) examined whether increased 
growth hormone (GH) levels in GH-transgenic coho salmon (Oncorhynchus kisutch) 
increased competitive ability through higher feeding motivation. Overall, the transgenic 
fish showed higher feeding motivation throughout the feeding trials and consumed more 
food than the non-transgenic controls (Devlin et al. 1999), demonstrating an adaptive 
phenotypic integration between GH and competitive ability. Conversely, a loose and 
more flexible phenotype where parts of the phenotype can act more freely (i.e., 
Phenotypic Independence; Ketterson et al. 2009) is another means by which multiple 
phenotypic traits act to impact fitness, but in a far more independent fashion. For 
example, in a study on European greenfinches (Carduelis chloris), the authors divided 
morphological traits (tarsus, beak, body traits) based on their presumed functional and 
developmental proximity and found that the skeleton was best described as being 
compartmentalized into modules. These modules were found to be highly independent 
(i.e., morphological independence), allowing for evolutionary freedom amongst different 
morphological parts (Merilac and Rklund 1999). Hormones and their mediated traits 
(e.g., behaviour) also have the potential to be equally independent. For example, since the 
sensitivity of target tissues to a hormone can vary depending on the strength of the release 
of the hormone or its pattern of release, different target tissues can evolve differential 
receptor binding capabilities thus enabling the hormone and tissue to evolve separately 
(Ketterson et al. 2009). Finally, behavioural independence has been exemplified by 
researchers such as Bell (2005) who described how environmental differences (e.g., 
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predation) could enable the differentiation amongst behavioural phenotypes in what were 
thought instead to be evolutionary-constrained behavioural syndromes. These findings 
confirm the notion of how different functionally- or developmentally-related traits can 
have a certain degree of evolutionary freedom, each with their own fitness advantages 
(Pigliucci 2003). 
 
Ways to predict growth and survival using hormones and behaviour 
Hormones are viewed as particularly powerful regulators of behavioural variation given 
their pleiotropic effects where single hormones can act on several target tissues and 
mediate suites of correlated phenotypic traits (Ketterson and Nolan 1999). A primary type 
of research methodology where major advances have been made is classic physiological 
in vivo methods and their behavioural correlates. Directly manipulating an organism’s 
physiology and recording downstream behavioural responses and subsequent fitness 
consequences is a further way of determining directionality and causal linkages between 
physiology and behaviour. For example, classic in vivo endocrine experimental designs 
involved removing an organ essential in regulating a particular hormone to determine its 
function (e.g., Snyder et al. 1965). Researchers now routinely manipulate circulating 
levels of hormones via phenotypic engineering (Ketterson and Nolan 1999), and use these 
experimental manipulations (often in free-living populations) to examine how variation in 
established linkages between hormones and hormonally-mediated traits (such as 
behaviour) predict variation in performance (i.e. growth and survival) and fitness across 
multiple taxa (birds: Henriksen et al. 2011; insects: Zera et al. 2007; teleost: Dey et al. 
		 8	
2010). Regardless of their power, these types of designs still generally assume that one 
hormone is responsible for generating the variation found in one behavioural trait or vice 
versa. An often more biologically plausible explanation is that a suite of behaviours 
working together responds to a hormone or even a suite of hormones.  
 
A correlative approach to integrated phenotypes 
Alternatively, correlative statistics can be used to determine strong correlations between 
hormones and behaviours influencing growth without intense manipulations that can 
often cause unforeseen changes. Indeed, many statistical approaches have been employed 
to determine the presence of integrated phenotypes. Initial attempts to visualize integrated 
phenotypes included the use of correlation matrices (Berg 1960; Grant 1979) representing 
Pearson correlation coefficients (Clausen and Hiesey 1958). These correlation matrices 
are particularly effective for exploring the patterns of covariation between multiple traits 
(Murren 2002). For example, variation in metabolism has been used in many studies to 
predict a range of natural behavioural traits such as personality, social status and refuge 
use (Careau et al. 2008; Hegner and Wingfield 1987; Krause et al. 1998; Lantová et al. 
2011). Building on this approach, researchers then began to examine multiple linear 
predictors within the same model to identify main effects and when possible, investigate 
interactions between traits to interpret the multivariate contribution of traits to 
performance. Researchers such as Schlichting and Pigliucci (1995) and Callahan and 
Waller (2000) have exemplified the power of combining single-trait correlations (i.e. 
main effects) in combination with matrix-wide changes across environments (Schlichting 
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and Pigliucci 1995) or species (Callahan and Waller 2000) to increase our understanding 
of the patterns of integrated phenotypes (Murren 2002). This research methodology 
should be highly informative in applied fields such as aquaculture, as it allows for mass 
correlative studies without the logistical issues of individual in vivo manipulations. 
 
Applying phenotypic integration to Salmonid aquaculture 
As the study of phenotypic integration has developed over time specifically targeting the 
evolutionary causes and trajectories of a complex phenotype, a next feasible step is to 
examine how phenotypic integration can be applied to artificial selection – in particular, 
maximizing food production (Hutchings and Fraser 2008). This type of integrated 
approach is especially useful given that traditionally, single performance traits are often 
selected upon without a full appreciation of that single trait’s role within the whole 
organism (Ketterson et al. 2009). Therefore, by taking a phenotypic integration approach 
we can increase the chance of sustained performance through tightly co-varying traits, 
which are thought to be more resilient to change (Ketterson et al. 2009). Aquaculture 
practices present an ideal system in which to study the occurrence of adaptive phenotypic 
integration, since the ultimate goal of aquaculture is to find ways to increase biomass 
(survival and growth). Producers typically use outcrossing as one means to achieve this 
goal, expecting increased genetic variability to enhance stock viability mediated via traits 
likely to be integrated through energetic homeostasis, resulting in maximized 
performance. Because Pacific (Oncorhynchus spp.) and Atlantic (Salmo salar) salmon 
require the ability to cope with rapidly-changing environments due to their anadromous 
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(transition to and from fresh- to salt water) life history, and equally, to their release from, 
or introduction into, life in captivity via the aquaculture industry; and because salmon 
experience intense selection via aquaculture practices, “there is ample room for 
individual variation in how a hormonal pathway responds to environmental stimuli, as 
well as how hormones interact with each other or with target tissues to cause phenotypic 
effects” (McGlothlin and Ketterson (2008) pg. 1612). Therefore, it is essential to consider 
whether the physiology-behavioural phenotype is modulated by an underlying genotype, 
and by introducing new individuals (for example, as broodstock), one can introduce 
variation in the captive population and potentially select the ideal genotype/phenotype 
and/or inadvertently create non-ideal combinations. It is widely recognized that 
behavioural and physiological control of energetic homeostasis is critical for maximizing 
growth in aquaculture (Boisclair and Sirois 1993; Silverstein et al. 1999). In particular, 
cortisol, a major glucocorticoid in fish, has a vital role in the mobilization of glucose, 
lipids and fatty acids (Gregory and Wood 1999) while playing an essential role in overall 
energetic balance. Similarly, behavioural traits such as coping style, foraging and 
schooling are fundamental for energetic homeostasis by both feeding and energy 
management to promote tissue growth (Almazán‐Rueda et al. 2005; Gregory and Wood 
1999; Madison et al. 2015; Metcalfe et al. 2016). As such, aquaculture practices such as 
hybridization of (commercialized) salmon used to increase productivity and select for 
‘optimal’ growth phenotypes should lend themselves to valuable studies of adaptive 
phenotypic integration between physiology and behaviour. Nonetheless, this practice of 
outcrossing (Kincaid 1983) while associated with a number of potential benefits (e.g., 
increased genetic variation, increased performance via heterosis, release of inbreeding 
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effects; Edmands 1999; Kincaid 1983; Lynch and Walsh 1998; Whiteley et al. 2015; 
Whitlock et al. 2000) can also generate unpredictable costs if aquaculture producers do 
not adequately consider how the new phenotypic traits they are introducing co-vary to 
impact fitness (Tallmon et al. 2004).  
Although the farming of non-native Atlantic salmon in British Columbia (BC) 
produced over two million tons of biomass in 2012 (FAO 2012), the industry is not 
without its issues, including sea lice proliferation (Mustafa et al. 2001), spread of disease 
(Murray and Peeler 2005) and water pollution (Eng et al. 1989). A potential alternative 
commercial species is the Chinook salmon (O. tshawytscha), which is native to the 
Pacific Coast and offers a highly valued fish protein with sustainable growth potential 
(Buhler and Halver 1961). However, this species has not been systematically assessed for 
performance in captivity. Importantly, the relationship between physiological indicators 
and behavioural traits that affect growth in this commercially-raised fish is unclear. 
Specifically, appreciating the interactions between hormones and the relevant behaviours 
they impact (i.e., foraging behaviour, sociality and activity levels) may enable producers 
to more accurately predict variation in growth and feeding efficiency, directly affecting 
harvest value. Chinook salmon also offer an ecological perspective into how outcrossing 
reflects locally-adapted phenotypes while investigating variation in performance at the 
heart of energetic management. Indeed, Pacific Salmonids can offer an ideal study system 
to examine these questions due to their known high levels of local adaption amongst their 
populations (Taylor 1991). An appreciation for how the integration of physiology and 
behaviour maximizes fitness under environmental variation (via locally-adapted 
phenotypes), including performance in novel (i.e., captive) environments should have 
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significant benefits to salmonid aquaculture. Further, studies of the phenotypic 
integration in outcrossed Pacific salmon stocks can assist in determining the mechanisms 
that drive performance in industries such as aquaculture allowing for faster growth, better 
flesh quality, and higher survivability, thereby allowing the producer to select optimal 
stocks with which to start a fish farm or to add desired phenotypes from other populations 
of fish to maximize production of their domesticated stock.  
 
Thesis objectives 
My thesis uses a phenotypic integration framework to proximately assess inter-population 
trait co-variation in an outcrossed salmonid with the ultimate goal of examining how 
multiple traits interact to predict fitness. Specifically, I test the conceptual theories of 
phenotypic integration and apply them in an aquaculture setting (Chinook salmon) to 
examine the validity and production value of assessing inter-population trait co-variation 
on a commercial scale. Behavioural attributes (sociality, foraging, disturbance-sensitivity 
response) and a physiological trait (cortisol) related to energetics are investigated to 
determine whether 1) outcrossing a captive stock with seven wild populations generated 
family- and population-level co-variation among cortisol and behaviours, 2) a single-trait 
or multi-trait approach better predicts performance, and 3) identifying and applying the 
concept of integrated phenotypes benefits aquaculture production.  
In Chapter 2, I begin by examining 1) whether outcrossing generates variation in 
diel cortisol rhythms and behaviours (foraging and sociality) that underlie energy 
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management, then 2) test the (statistical) strength of potential linkages that exist between 
variation in diel cortisol rhythms and these behaviours, and 3) determine if present, 
whether integrated phenotypes can predict aquaculture performance at the freshwater 
stage at a population level. The overall objective was to assess whether appreciating the 
interactions between diel variation in physiological and behavioural metrics related to 
energetic management could be used to predict aquaculture ‘fitness’ following an 
outbreeding event with multiple wild stocks.  
In Chapter 3, I expanded on the general findings from Chapter 2 by extending the 
concept of phenotypic integration to include examinations at the family level within 
(freshwater) populations, as well as across environments (fresh water and salt water) to 
examine whether a stronger appreciation for inter-trait integration can be used practically 
to predict fitness metrics in aquaculture. I specifically worked through levels of analysis 
to try and increase predictive power through each organization level (Figure 1.1). First I 
examined main-effect only models at the family (fresh water - FW) and population levels 
(FW and salt water - SW) and their ability to predict performance within each 
environment. Next, I examined integrated energy and stress models within environments 
at the family (FW) and population levels (FW and SW) and whether they could predict 
FW and SW performance, respectively; and then integrated FW energy and stress models 
across environments and their ability to predict SW-only performance. Finally, to 
determine if aquaculture producers can simply use performance early in life to predict 
performance later in life, I tested FW performance predicting SW performance. To 
investigate these objectives, we use cortisol collected from a single time point and couple 
this to behavioural traits related to energy management (foraging and sociality) and stress 
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response (disturbance-sensitivity) to examine whether integrated phenotypes can predict 
biomass and body mass (i.e., performance) both within and between two life history 
stages (FW and SW).  
By assessing key traits related to energetic homeostasis across multiple life stages, 
my thesis aims to use the novel emerging paradigm of integrated phenotypes to increase 
the ability of both researchers and aquaculture producers to predict variation in key 
performance metrics in an increasingly important industry. I have purposely constructed 
analyses within this thesis with increasing levels of complexity with the aim of 
examining whether an appreciation of integrated phenotypes increases predictive capacity 
in aquaculture. Importantly, this practical approach provides producers with information 
on whether integration can be documented at the simple population scale (due to assumed 
local adaptation), or whether they need to appreciate integration at finer, family-level 
scales. One of the ultimate goals is to provide aquaculture producers with information to 
minimize future sampling effort to maximize production value. 
  
General Methods 
All fieldwork was completed at Yellow Island Aquaculture Ltd. (YIAL), a Chinook 
salmon aquaculture facility east of Campbell River on Vancouver Island on Quadra 
Island, British Columbia, Canada [Lat - N 50° 7' 59.124", Long - W 125° 19' 51.834"]. 
The seven-generation domesticated Chinook salmon stock (“YIAL”) used in this research 
was originally produced from crosses between two neighboring hatcheries: Big Qualicum 
[Lat - N 49° 21' 56.3616", Long - W 124° 39' 6.2964"] and Robertson Creek [Lat -N 49° 
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18' 37.8792", Long - W 124° 57' 36.4392"], and this domesticated stock has now been in 
production at YIAL since 1985. For the current outbreeding study described in my thesis, 
eggs from domesticated YIAL hermaphroditic dams (~n=30) were mixed with milt 
collected from ten wild sires from each of seven populations at federal (DFO) hatcheries 
(Figure 1.2) (Wild x YIAL) on November 2, 2013. In addition, one full domestic cross 
(YIAL x YIAL) was generated to act as a full domestic inbred control. Adult female 
offspring from self-crossed Hermaphrodite dams were strategically selected as the 
females parents for this study to control for recognized maternal effects on growth (Heath 
et al. 1999). Following fertilization, eggs were separated by family (10 families per 
population) into vertical incubation trays. On March 14, 2014, fry were transferred into 
200 litre barrels either split by population (in replicate, all families combined - Chapter 2; 
Figure 1.3), or by family (~100 fish barrel, in duplicate to account for barrel effects - 
Chapter 3; Figure 1.3). At approximately 8 months of age (July 7, 2014) individuals from 
family barrels (Chapter 3; Figure 1.3) were pit tagged for permanent identification and 
immersion-vaccinated for vibriosis (MicrovibTM) before being transferred to sea pens (~ 
dimensions: 15ft x 15ft x 10ft deep) where they were divided in duplicate by population 
(August 11-12, 2014).  
Chapter 2 focuses on applying the theoretical framework of integrated 
phenotypes to diel variation in physiological traits and diurnal variation in behavioural 
traits to predict body mass in fresh water across populations using the mixed-family fish. 
I focused on diel variation in baseline cortisol, and behavioural traits related to energy 
management (foraging, sociality). Across a three-day period beginning on June 25, 2014, 
diel cortisol was obtained using eight-month post-fertilization fry (36 fish per population, 
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two replicate barrels/population, N=288) to generate samples for each four-hour time 
period across the full 24 hours. All cortisol sampling was completed in less than five 
minutes from capture to ensure baseline levels were obtained. Between May 31 - June 15, 
2014, waterproof cameras were placed in the middle of the barrels to record behaviours 
related to group living, movement and foraging (the latter during a single feeding event; 
N=14). Since this work focused on mixed-family barrels, all data analyses in this chapter 
were conducted at a population level controlling for barrel (N=8). Across both Chapters 
2 and 3, body mass at the freshwater life history stage was obtained bi-weekly (5 times) 
to obtain family level growth and survivorship was recorded daily. Detailed information 
on physiological and behavioural assays/analyses is outlined within the focal chapter. 
Chapter 3 expands on information obtained in Chapter 2 to use the concept of 
integrated phenotypes to examine whether a single- or multi-trait approach provides more 
predictive power in determining how physiology and behaviour interact to impact 
biomass/body mass within and between both freshwater and saltwater environments. 
Moreover, we purposely built our analyses with increasing levels of complexity. The goal 
being, to test whether an integrated phenotypic approach can increase the predictive 
capacity in aquaculture. By taking this practical approach we were able to examine 
whether integration could be determined at basic population levels (due to assumed local 
adaptation), or if finer, family-level scales should be appreciated by aquaculture 
producers in order to minimize future sampling effort. Based on findings from Chapter 2, 
I chose in this chapter to examine baseline cortisol within the window of 7:30am – 
10:30am, as it presented an interval that exhibited much variation. Approximately 5 fish 
were sampled from each barrel (~5-10 per family or ~25-55 per population; N=307) at the 
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freshwater stage. At the saltwater stage, 12 fish per population-replicated sea pen (i.e., 24 
per population; N=192) were blood sampled within 5 minutes of capture to ensure 
baseline levels were obtained. From May 4 – 17, 2015, saltwater behaviour was recorded 
in all 16 sea pens in duplicate (N=32 saltwater behavioural assays) with the goal of 
replicating similar behavioural measures (e.g., foraging, sociality and disturbance-
sensitivity) as were measured in freshwater. Saltwater body mass measurements were 
obtained May 18, 2015 one day after sampling for cortisol and behaviour. Finally, 
biomass was estimated by multiplying the average mass per family or population by the 
proportion of freshwater survival (post-emergence) or saltwater survival (post-transfer; 
Heath et al. in prep, outlined in more detail within Chapter 3). Additionally, we used 
body mass as the final average mass of the family or population in fresh water (Chapter 2-
3: June 15, 2014) or salt water (Chapter 3: May 18, 2015). A simplified temporal 
overview of these methods can be found in Figure 1.1. 
By assessing key integrated traits across multiple life stages (Figure 1.3), my 
thesis as a whole represents a novel examination of how co-variation in traits involved in 
energetic- and stress-management, experienced within and across environments and life-
history stages, can shape performance and fitness of an economically and ecologically 
important species. 
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Figure 1.1  Graphic depicting our levels of analysis ranging from main effect models, 
multivariable models (integrated within and across environments) and performance across 
environments (i.e. biomass and body mass) in Chapter 3. White boxes contain 
explanatory traits included in the analysis and included in energetic and stress 
management categories.  
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Figure 1.2 Map of the British Columbia, Canada showing the source of wild Chinook 
salmon stocks used for outbreeding in the study. A captive, inbred stock was used as the 
basis for all crosses and is held at Yellow Island Aquaculture Ltd. (YIAL) (Yellow Island 
Aquaculture [http://yellowislandaquaculture.ca/].).  
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Figure 1.3 A simplified overview of the methods for Chapters 2 and 3, including the pre-
transfer breeding design.  
		 28	
CHAPTER 2 - ADAPTIVE PHENOTYPIC INTEGRATION BENEFITS A KEY 
PERFORMANCE TRAIT IN SALMONID AQUACULTURE 
Introduction 
For the first time on record, people are consuming more farm-raised than wild-caught fish 
(FAO 2016), while urbanization is simultaneously creating a greater demand for both 
improved quantity and quality of food (Clapp and Cohen 2009). Aquaculture production 
has been relieving the pressure on wild fish populations by attempting to provide a more 
sustainable and economic source of protein (Asche and Bjorndal 2011; FAO 2016). 
However, aquaculture faces the same challenges as other farming practices: to harvest the 
greatest amount of product at the minimum operator cost. As with any domestication 
process, fish stocks have the tendency to inadvertently become inbred when only 
selecting the largest, fastest growing individuals as broodstock (Bentsen 2002), thereby 
becoming susceptible to disease (Arkush et al. 2002), experiencing slower growth 
(Kincaid 1983), or having low fecundity (Su et al. 1996). Re-introducing new gametes at 
fertilization is the classic method of lessening the effects of inbreeding depression via the 
outbreeding of domestic broodstock with wild individuals (Lehnert et al. 2014). First 
generation (F1) offspring of wild-caught and domesticated parents (i.e., hybrids) may 
experience benefits associated with outbreeding, (i.e., hybrid vigour; Whitlock et al. 
2000), including increased size (Gharrett et al. 1999). However, stocks may also 
experience outbreeding depression (Allendorf et al. 2001; Neff et al. 2011), whereby a 
shift in mean phenotype occurs and causes a reduction in growth (Tymchuk 2006) and 
survival (Edmands 2007; Gharett et al. 1999; Tallmon et al. 2004). These discrepancies 
can be explained through the evolutionary concept of an integrated phenotype (Murren 
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2012), which recognizes that optimal functioning of the organism requires multiple traits 
to work in unison. When genetic recombination disrupts the evolutionary orchestration of 
integrated traits, individual performance and fitness can be compromised (Lancaster et al. 
2010). 
To enhance the performance of captive stocks, aquaculture producers should 
ideally assess whether the genotypes selected for outcrossing will maintain the expression 
of maximal performance metrics (e.g., growth) through the continued integration of key 
phenotypic traits (e.g., traits related to energetic management) that ultimately increase 
production “fitness” (i.e., harvest biomass) (Tallmon et al. 2004). The ability to manage 
energetic homeostasis, both physiologically and behaviourally, is widely recognized as 
critical for maximizing growth in aquaculture (Boisclair and Sirois 1993; Silverstein et al. 
1999). In particular, diel management of baseline levels of glucocorticoids is important 
for overall energetic balance via the optimal timing of fuel mobilization (e.g., glucose, 
lipids, and fatty acids; Gregory and Wood 1999). Likewise, behavioural traits related to 
energetics such as aggression, schooling, neophilia, and coping style all directly affect the 
ability of an individual to acquire, consume, and efficiently convert food to tissue 
(Almazán et al. 2005; Gregory and Wood 1999; Madison et al. 2015; Martins et al. 2006; 
Metcalfe et al. 2016). Collectively, physiological and behavioural traits related to energy 
management are expected to impact fitness (Gilmour 2005), yet the linkages among these 
traits in novel environments remain largely unexplored. 
Here we apply the framework of phenotypic integration to assess the impacts of 
outbreeding on performance at a critical life-history stage within an emerging model of 
Pacific salmonid aquaculture (Chinook salmon – Oncorhynchus tshawytscha). 
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Specifically, our objectives were to determine whether: 1) outcrossing a domesticated 
stock with multiple wild populations generates variability in traits expected to impact 
juvenile growth (e.g., diel cortisol patterns, exposure to cortisol during nighttime and 
daytime, and behavioural phenotype); 2) physiological and behavioural traits are tightly 
coupled; and 3) taking an integrative approach provides better information than a single-
trait (traditional) approach, with specific recommendations for aquaculture. We examine 
these questions using a domesticated stock outbred with wild genotypes from seven 
regional populations in coastal British Columbia, Canada. Given the high degree of local 
adaptation of semelparous Pacific salmon (Taylor 1991) reflecting the environment-
specific functional properties of specific loci (Carlson and Seamons 2008), this system 
provides the unique opportunity to examine whether physiology and behaviours 
associated with energy management become decoupled in a hybrid F1 generation, and/or 
whether the expression of energy-management phenotypes is still optimally related to 
growth in a novel (i.e., captive) environment. Given that adaptive covariation between 
physiology and behaviour should be ultimately linked to performance (McGlothlin et al. 
2007), selection for suitable captive phenotypes expressing optimal cortisol-behavioural 
trait combinations should be critical for producing the ideal farmed fish. As such, we 
expected hybrid offspring expressing an optimal combination of low daytime baseline 
cortisol (representing low energetic demand), intermediate nighttime baseline cortisol 
(representing the ability to mobilize energy without entering stress-induced levels; 
Mommsen et at. 1999), and favorable energy management behaviours (e.g., sociality, 
foraging, overall movement) to exhibit the largest body mass.   
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Materials and methods 
Animal husbandry and growth 
Research was conducted at Yellow Island Aquaculture Ltd. (YIAL) on Quadra Island, 
British Columbia [Lat - N 50° 7' 59.124", Long - W 125° 19' 51.834"]. The YIAL 
Chinook salmon population originated from crosses made in 1985 from two nearby 
hatcheries: Robertson Creek [Lat -N 49° 18' 37.8792", Long - W 124° 57' 36.4392"] and 
Big Qualicum [Lat - N 49° 21' 56.3616", Long - W 124° 39' 6.2964"]; the domesticated 
YIAL stock has been maintained in captivity for seven generations. In 2013, sires from 
seven wild stocks originating from seven tributaries on Vancouver Island and the lower 
mainland of British Columbia (Figure 1.2) were selected for generating outbred crossed 
stocks with YIAL dams, with an additional YIAL x YIAL stock serving as a control. 
Gamete collection and fertilization occurred during October and November of 2013, with 
milt of 10 males from each stock fertilizing mixed eggs from 30 YIAL dams, which were 
the offspring of a hermaphroditic self-crossed XX individual to control for known 
maternal and dam effects on growth (Heath et al. 1999). After incubation in vertical-stack 
trays, fry were transferred March 14, 2014 to 200 litre barrels (~ 150 fish per barrel) split 
by stock (in duplicate to account for barrel effects), with a flow through water system 
maintained between 10-12oC and water turnover at 1 L/min. All barrels were cleaned 
approximately every seven days and dissolved oxygen was monitored once a week and 
maintained above 80% saturation. Fish were fed to satiation eight times daily between 
8:00am to 5:00pm. For this study, barrels for each stock consisted of a mixture of all 10 
families. On June 6th 2014, a random subset of 10-13 individual fish were removed from 
every barrel and individually weighed. Masses were recorded to the nearest 0.01g and 
fish were returned to their original barrel.  
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Blood sampling and cortisol assays 
We sampled fish for diel cortisol patterns at 8 months post fertilization, over a three-day 
period beginning June 25, 2014. Specifically, six fish from each stock were sampled 
(alternating between barrel replicates) at 6 time periods across the entire diel cycle for a 
total sample size of 36 fish per stock. Fish were captured via dip net, immediately 
euthanized in a clove oil solution, and blood was collected via caudal severance using 
heparinized hematocrit tubes. All sampling was completed within 5 minutes of the initial 
disturbance to account for increases in cortisol due to capture and handling, and a given 
barrel was only sampled once every 24 hours to ensure that individuals had not been 
disturbed from a previous capture session. Red blood cells were then separated from 
plasma via centrifugation at 14,000 rpm and plasma was stored at -80˚C until further 
analyses. Baseline plasma cortisol was determined using a cortisol Enzyme-linked-
Immunosorbent Assay (Cayman Chemical, MI, USA) optimized in-house for use in 
juvenile Chinook salmon (Capelle et al. 2016). Samples were run in triplicate across 
fourteen assay plates at 1:20 dilution. Individual assay plates included standard curves 
and common control samples, and were read at a wavelength of 412nM using a 
spectrophotometer (Biotek Inc). Inter- and intra-assay coefficients of variation were 
11.0% and 4.6%, respectively. 
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Behavioural analysis  
From June 3-10 2014, GoPro (Woodman Labs, USA) cameras were placed on the bottom 
center of the barrels at ~6:00am and behaviours were recorded for 1.5 hours. At 1 hour 
post camera deployment, fish in the barrels were fed ~4.2g of feed. Feed amount was 
calculated using Taplow Feeding charts (Chilliwack, BC, Canada), with daily amounts 
representing ~2% of the biomass in a barrel to match a satiated growth promotion diet. 
Behavioural analyses consisted of: assigning a score to the degree of group cohesion, 
calculating individual swimming velocity, and scoring uniformity of gregarious 
swimming direction fifteen minutes prior and post the addition of food, at one-minute 
intervals. During food presentation, position and movement of a subset of fish (~60) were 
noted, as well as latency (in seconds) to resume pre-feeding behaviours (see Table 2.1-
2.3). Behavioural videos of Capilano were highly distorted due to unforeseen technical 
issues, and thus was excluded from all behavioural analysis. 
 
Statistical analysis 
All analyses were conducted using JMP version 12 (SAS Institute Inc.), except where 
indicated. Prior to analysis, model assumptions of normality and homogeneity of 
variances were tested by visual inspection of residual versus predicted plots, and 
normality was confirmed using the Shapiro–Wilk test. Non-normally distributed data 
were log10 transformed where indicated. In all cases, results were evaluated for 
significance at α = 0.05. 
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 To describe diel cortisol variation across all stocks, a general linear model with 
stock, time of day, and their interaction included as fixed effects was used. Cortisol data 
were log10 transformed to achieve normality. Next, the area under the diel cortisol curve 
(AUC) was calculated for daytime (6am-6pm) and nighttime (6pm-6am) cortisol, 
following Pruessner et al. (2003) as an estimate of the amount of hormone exposure each 
stock received, and as a means to capture the potential different roles of cortisol across 
the 24-hour cycle. Day- and nighttime cortisol exposures were pooled separately for each 
stock and differences were confirmed using a Student’s t-test. Behavioural variables from 
video recordings were grouped a priori into three categories, consisting of distinct 
variables: Foraging, Sociality, and Movement (Fernö et al. 1988; Fernö et al. 1995; 
Oppedal et al. 2011). A principal component analysis (PCA) with varimax rotation was 
used for initial exploration of each category independently to reduce redundancies in the 
data and to create more homogenous groupings. Each factor explained a minimum of 
35% of the variance in behaviour based on the Kaiser criterion (eigenvalue >1) and visual 
inspection of variance plots (Table 2.2). To produce an overall behavioural phenotype, 
the first two factors for each behavioural category were loaded into a final aggregate 
PCA. This PCA produced an eigenvalue score greater than one (i.e., 2.3), explained 
38.3% of the overall variance, and was used in subsequent models. High positive scores 
were associated with fish that quickly consumed feed, returned to cohesive and uniform 
swimming (schooling), and therefore were able to manage their energetic requirements 
most efficiently.  
   To investigate the effects of cortisol and behaviour on growth, analyses were 
conducted using day- and nighttime cortisol exposure separately. To first confirm the 
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coupling of cortisol during day- and nighttime directly with behaviour, we used a linear 
regression with the behavioural phenotype score regressed against cortisol exposure 
(AUCnight or AUCday). Next, we assessed whether each trait in isolation influenced size 
using linear regressions with mean body mass per population (from the sub-sample of 
individuals weighed prior to the experiment and averaged across replicate barrels) as the 
response variable, and the population-level behavioural phenotype, nighttime cortisol 
exposure, or daytime cortisol exposure (AUCnight or AUCday) as the explanatory variable. 
Finally, we tested the interaction of cortisol and behaviour on growth; a general linear 
model was used with behaviour, AUCnight or AUCday and their interaction as fixed effects. 
Both linear and quadratic terms for cortisol and behaviour were used in all models to 
account for any hormetic relationships (Schreck 2010). Variables were removed from the 
model (i.e., interaction terms and polynomial variables) if they were non-significant. 
All analyses were aggregated to the level of the population since screening at the 
individual level (Castanheira 2013; Pigliucci 2003) is not necessarily a feasible practice 
within aquaculture. Instead, determining whether integrated phenotypes exist at the 
population level is not only practical, but also increases the potential that the desired 
phenotypes will remain robust under the myriad stresses of captivity in subsequent 
generations. 
 
Results 
Variation in diel cortisol and behaviour amongst stocks 
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Stock and time of day interacted to influence baseline cortisol levels (F6,1 = 4.21, n = 247, 
p = 0.005). While each stock showed similar diel rhythms in their baseline cortisol 
(Figure 2.1), they differed in overall exposure to cortisol across the full 24-hour cycle 
(Figure 2.2). In addition, daytime cortisol exposure was significantly lower than nighttime 
exposure (t = 6.46, F1,12 = 41.93, n = 14, p < 0.001). The behavioural phenotype scores 
for different stocks ranged from -1.88 (Nitinat) up to 2.23 (Chilliwack), and were 
additionally composed of differences in the contributions of each independent 
behavioural trait (Figure 2.3). 
 
Integrated effects of cortisol and behaviour on growth  
Daytime cortisol exposure had a negative linear relationship with behavioural phenotype 
(R2 = 0.64, p = 0.031; Figure 2.4), while nighttime cortisol exposure showed no such 
relationship (R2 = 0.12, p = 0.44). As univariate predictors of performance, nighttime 
cortisol exposure and behavioural phenotype both showed a non-linear (hormetic) 
relationship with body mass (cortisol: R2 = 0.95, p = 0.001, quadratic regression: body 
mass = (AUCnight – 75.31)∧2); (behaviour: R2 = 0.94, p = 0.001, quadratic regression: 
body mass = (4.0271187+0.0165214*Behaviour - 0.1177601*Behaviour^2). However, 
the interaction between cortisol and behaviour increased the model’s predictive ability to 
explain variation in body mass, with stocks exhibiting mid-ranges in both energy-
management behaviours and nighttime cortisol exposure having the largest body masses 
(R2 = 0.99, Figures 2.5 and 2.6). AUCday had no effect on body mass (linear term; p = 
0.53), nor was there a significant interaction with behavioural phenotype on body mass 
(Behaviour*AUCday; R2 > 0.7, p > 0.09).  
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Discussion 
Rapid population growth and increases in anthropogenic stressors require an improved 
efficiency in food-production systems to keep pace with world demand for protein (Green 
et al. 2005). We sought to determine whether optimal integration of physiological and 
behavioural traits at the nexus of energetic management leads to maximized ‘aquaculture 
fitness’ (i.e., mass) within a captive population that was outbred with multiple wild 
populations. Outbreeding generated significant variability in phenotypic traits known to 
impact growth (physiology and behaviours associated with energetic management). As 
predicted by the theory of phenotypic integration (Murren 2012), growth was influenced 
by a tight coupling of nighttime cortisol exposure and behavioural phenotype, specifically 
with intermediate rather than extreme values combining to generate an optimized 
hormetic relationship to maximize body size. Our results also suggest that examining the 
effects of the co-variation of multiple functionally related traits on body mass was a 
stronger approach than examining these traits in isolation. Moreover, relationships that 
exist between phenotypic traits (e.g., daytime cortisol exposure and behaviour) do not 
imply integration (and by extension maximized performance), highlighting that only 
within the context of a performance measure can actual phenotypic integration be 
revealed. This is the first study to show that optimal ranges of physiological and 
behavioural traits interact to maximize a key performance trait in aquaculture, and 
suggests that researchers and producers may benefit from determining how phenotypic 
integration impacts fitness when employing methods such as outbreeding.  
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Impacts of outcrossing on variability in performance-mediated traits 
Optimal management of energy budgets over both short- and long-term periods within the 
constraints of local environmental variation is expected to maximize fitness (Fong 1975; 
McNamara and Houston 2008; Sanford and Kelly 2011; Taylor 1991), a critical 
consideration for production output in aquaculture (Gjedrem 2005). Outbreeding in our 
study produced substantial variation in diel physiological and behavioural traits central to 
daily energetic management. We focused on diel variation in baseline cortisol because it 
can differentially affect growth by regulating metabolic processes and promoting 
homeostasis in fish (Mommsen et al. 1999). In diurnal vertebrates, an optimal diel cortisol 
cycle consists of high levels early in the morning to provide the energy via 
gluconeogenesis following night fasting (Dallman et al. 1993) to initiate foraging and 
other activities (Astheimer et al. 1992; Breuner et al. 1999; Breuner and Hahn 2003). 
Levels then tend to decline for the remainder of the day to avoid the “high cost of living” 
associated with maintaining high baseline circulating glucocorticoid levels (Fish: Bernier 
et al. 2004; Mammals: Ekkel et al. 1996; Harlow et al. 1992; Birds: Maestripieri and 
Georgiev 2016; Sapolsky et al. 2000). Although our data confirms that all populations 
showed strong diel rhythms in baseline cortisol, populations nonetheless differed 
significantly in patterns of cortisol exposure during night and day. Outbreeding also 
generated a range in behavioural traits associated with energetic management, and when 
combined with differences in cortisol exposure revealed certain stocks to be less ideally 
suited to captive environments as evidenced by the resultant low body size.  
The differences observed among stocks are presumably driven largely via a sire 
effect that represents the genetic makeup of the source stock through local adaptation 
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(Fraser et al. 2011), given that we used a common inbred line of domestic dams to both 
minimize maternal effects and equalize these impacts across all stocks. It is well 
appreciated that local adaptation of performance traits within freshwater systems is very 
important for the success of early life-history stages of anadromous, semelparous 
salmonids (Waples 1991). When different genotypes are raised in common environments, 
the impacts of these locally-adapted phenotypes persist and are known to generate 
significant variation in performance outcomes (McClelland and Naish 2007). Indeed, 
within our study, not all hybrid stocks showed high performance, potentially because 
hybrids receive only half the allelic combinations present in either parent populations, and 
therefore poor performance at the F1 generation may imply they are unsuited to either of 
the parental environments (i.e., extrinsic outbreeding depression; Frankham et al. 2002; 
McClelland and Naish 2007). Another mechanistic cause of lowered performance in 
hybrid stocks may be intrinsic outbreeding depression due to the disruption of epistatic 
interactions in large co-adapted gene complexes (Edmands 1999); however, this generally 
occurs in the F2 generation (or later for salmonids; Lehnert et al. 2014). In our study, 
suboptimal performance of juvenile Chinook salmon could therefore have been due to the 
loss of favorable genetic interactions within and between loci (additive and dominance 
interactions; Waser et al. 2000).  
 
Effects of outcrossing on the outcome of phenotypic integration under novel captive 
conditions  
Classically, researchers have focussed on single traits rather than multi-trait combinations 
to predict fitness or performance of wild populations (Gilmour et al. 2005; Killen et al. 
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2013; McGlothlin and Ketterson 2008). However, since traits that depend on common 
mechanisms for their expression may evolve as a unit (McGlothlin and Ketterson 2008), 
ignoring the potential for phenotypic integration’s synergistic effects on fitness can limit 
our appreciation of their adaptive value (Ketterson et al. 2009; Laughlin and Messier 
2015; Pigliucci 2003). We found that examining interactions between physiology and 
behaviour suggested that daytime cortisol exposure predicted behavioural phenotype in a 
simple linear fashion, setting up the expectation that both would interact to impact fitness 
(i.e., growth). Interestingly though, it was the integrated phenotypic approach that 
revealed it was the optimal combination of exposure to nighttime cortisol and behaviour 
that was the best predictor of maximized growth across the 8 stocks, with stocks having 
mid-levels of both traits exhibiting the highest body mass (Figures 2.5 and 2.6).  
Chronically high cortisol levels are known to negatively impact behavioural traits 
such as foraging and competitive ability due to a reduction in appetite (Gregory and 
Wood 1999) and can inhibit aggression and locomotion in salmonids (Øverli 2002). As 
such, prolonged exposure can lead to tertiary responses such as slow growth, reduced 
immune function, and compromised survival (Barton 2002; Pickering 1983). In our study, 
stocks with individuals that expressed elevated daytime cortisol exposure may have 
incurred these behavioural costs that led to reduced growth. During nighttime (when fish 
were not fed and feeding activity is much reduced; Fraser and Metcalfe 1997), cortisol 
plays a more direct role in growth, whereby the increase in cortisol is expected to help 
maintain energetic homeostasis and enable the optimal conversion of acquired energy into 
growth. While high behavioural scores are generally assumed to lead to the highest 
growth (e.g. Eklöv 1992: foraging efficiency and Johnsson 2003: high cohesiveness), we 
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found that mid-ranges were most relevant for maximizing size. We argue that an 
integrated approach situated within a fitness context is needed to understand how 
underlying traits will ultimately impact performance in aquaculture.  
 
Conclusions 
While phenotypic integration can increase organismal performance by optimizing the 
adaptive phenotype over evolutionary time, it may decrease flexibility in a changing 
environment (Schlichting 1989). This apparent trade-off is an important realization for 
evolutionary biologists and applied producers alike since both robust and flexible 
phenotypes carry costs due to 1) the potential for a “mismatched” phenotype to a given 
environment (Hendry 2004; Nosil et al. 2005) and 2) the associated energetic costs of 
flexibility (DeWitt et al. 1998; Snell-Rood 2013), respectively. In fact, with regards to 
food production, the abrupt changes in environment (e.g., from the wild to captivity, or 
fresh to salt water) may better suit a less flexible (i.e., integrated) phenotype, as the 
temporal lag in endocrine activity and its associated behavioural response may be too 
slow (Taff and Vitousek 2016). Taken together, appreciating both the short- and long-
term costs of combining information on physiological exposure and behavioural variation 
associated with energetic management has the potential to better inform researchers and 
aquaculture producers about how we expect integrated mechanisms that affect growth to 
ultimately impact food production potential. 
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Table 2.1 Description of Behavioural Categories found in the PCA Behavioural Score 
Behavioural traits Description of 
behaviour 
Function References 
Sociality 
 
 
Ranked based on 
inter-individual 
proximity during 
swimming.  
Schooling behaviour 
has been linked with 
energy saving and 
antipredator reaction.  
Fernö et al., 1988;  
Oppedal et al., 2011 
Foraging Ranked based on 
distribution of fish 
throughout water 
column, reaction to 
food, and latency to 
return to normal 
behaviour post-
feeding. 
Vertical distribution 
in water column 
before feeding. 
Actively consuming 
food while it falls 
through water 
column. Fast return 
to normal behaviour 
post feeding.  
Fernö et al., 1988; 
Fernö et al., 1995; 
Oppedal et al., 
2011; 
Papandroulakis et 
al. 2014 
 
Movement Tally of changes in 
swim direction, 
depth, velocity, and 
level of cohesion. 
High levels of swim 
variability are 
expected to 
negatively affect 
energy budget and 
consequently mass. 
Fernö et al., 1988; 
Papandroulakis et 
al., 2014 
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Table 2.2 Four behavioural PCA outputs. PCA1 through PCA3 indicating behavioural 
grouping (i.e. foraging, sociality and movement), variable descriptions and PCA loadings. 
PCA4 describes the aggregate level behavioural score generated by combining the PCA 
loadings from the initial three PCAs. 
	
Behavioural PCA measurements Variable description PCA loadings 
  Satiation Foraging 
ability 
PCA1: Foraging    
Foraging score Ranked score based 
on the majority 
(~75%) of fishes’ 
reaction to the feed 
stimulus and position 
in the barrel before 
and during the feeding 
bout. 
-0.15 0.88 
Length of feeding bout (s) Time taken for the 
total fish to consume 
feed. 
-0.67 -0.56 
Latency to return to normal behaviour post-
feeding (s) 
Time taken for the 
majority (~75%) of 
fish to resume normal 
behaviours post-
disturbance. 
0.85 -0.27 
Variance Explained (%)  39.61 38.97 
Eigenvalue  1.2 1.12 
    
PCA2: Sociality  Station 
holding 
Group 
cohesion 
Average swim velocity (c/s) Average swim 
velocity as a measure 
-0.21 0.52 
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of distance (cm) / 
time (s) on a subset of 
fish  (n=40 per trial). 
Cohesion score Ranked score, based 
on the majority 
(~75%) of fishes’ 
distance from each 
other while 
swimming. 
-0.64 0.64 
Depth score 
 
Ranked score, based 
on the majority 
(~75%) of fishes’ 
distance to the surface 
and distribution 
throughout the water 
column. 
0.09 0.95 
Direction score 
 
Ranked score, based 
on dominant direction 
the majority of 
(~75%) fish are 
swimming.   
-0.82 0.41 
Cumulative station holding Tally of individual 
fish holding near the 
surface. (i.e., close to 
feeding locations) 
taken once per 
minute.  
0.96 0.11 
 
Variance explained (%)  40.81 35.25 
Eigenvalue  2.58 1.22 
 
    
PCA3: Movement  Swim speed 
and depth 
variability 
Swim cohesion 
and direction 
variability  
Number of cohesion changes Tally of changes in 
cohesion (loose-tight; 
determined once per 
minute) of the 
majority of fish 
(~75%)  
0.03 0.97 
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Deviation in swim velocity (σ) Standard deviation of 
swim velocity (from 
subset of 40 fish) 
0.96 0.07 
Number of depth changes Tally of changes in 
depth of the majority 
of fish (~75%) 
(determined once per 
minute). 
0.94 0.2 
Number of direction changes 
 
Tally of changes in 
direction of the 
majority of fish 
(~75%) (determined 
once per minute). 
0.26 0.93 
 
Variance explained (%)  46.69 46.21 
Eigenvalue  2.38 1.33 
    
PCA4: Aggregate PCA  
 
Energy 
management 
phenotype 
 
 
Satiation   -0.85  
Foraging ability  0.41  
Station holding  0.33  
Group cohesion  0.61  
Swim speed and depth variability  0.44  
Swim cohesion and direction variability  -0.85  
Variance explained (%)  
 
38.26 
 
 
Eigenvalue  
 
2.3  
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Table 2.3 Description and interpretation of each PCA component per behavioural 
category and the subsequent principal component loadings that were generated.  
Behavioural 
category 
Principal 
component test 
Principal component description 
Foraging 
Satiation A high positive value denotes a shorter time spent feeding and a 
quick return to pre-feeding activity. 
 
Foraging ability 
A high positive value denotes fish swimming closer to the top of 
the barrel (where food will be delivered). Once food is distributed 
the fish actively seek out the feed by swimming after the sinking 
food and consume it. 
 
Sociality 
Station holding 
A high positive value denotes fish that are spread out randomly 
throughout the barrel with many fish protecting valuable feeding 
areas at the surface. 
Group cohesion 
A high positive value denotes fish swimming quickly, close to the 
surface, and within close proximity to each other (approximately 1-
2 body lengths). 
 
Movement 
Swim speed and 
depth variability 
A high positive value denotes groups of fish with high individual 
variation in swim speed (ft/s) that frequently changes the depth they 
are swimming in the barrel. 
 
Swim cohesion 
and direction 
variability 
A high positive value denotes fish, which are frequently changing 
the average distance between each other and frequently changing 
the direction they swim in the barrel.  
 
Second order 
un-rotated: 
Aggregate 
Behaviour 
Energy 
management  
An aggregate level behavioural score based on the fish’s ability to 
manage their energy. This score is derived by combining all six of 
our rotated factors from previous PCAs into a second-order 
unrotated PCA. A high positive value denotes fish, which are 
consuming their food and returning to cohesive swimming. These 
fish are more consistent in their swimming patterns and seem to be 
managing their energy efficiently.  
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Figure 2.1 Inter-population differences in diel patterns of baseline cortisol secretion 
across 8 outbred populations of Chinook salmon. 
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Figure 2.2 Inter-population differences in day-and nighttime exposure to baseline cortisol 
across 8 outbred populations of Chinook salmon. 
	 	
		 56	
	
Figure 2.3 Inter-population differences in behavioural traits of freshwater parr across 7 
outbred populations of Chinook salmon.  
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Figure 2.4 Exposure to daytime cortisol predicts Aggregate Behavioural Score 
(combination of Sociality, Foraging and Movement behaviours) as a linear relationship 
across 7 outbred populations of Chinook salmon. 
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Figure 2.5 Aquaculture fitness (body mass) outcome of optimal phenotypic integration 
between exposure to nighttime cortisol and Aggregate Behavioural Score (combination of 
Sociality, Foraging and Movement behaviours) for 7 outbred populations of Chinook 
salmon, represented as a three-dimensional plot.  
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Figure 2.6 Aquaculture fitness (body mass) outcome of optimal phenotypic integration 
between exposure to nighttime cortisol and Aggregate Behavioural Score (combination of 
Sociality, Foraging and Movement behaviours) for 7 outbred populations of Chinook 
salmon, represented as a contour map.  
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CHAPTER 3 - THE APPLICATION OF PHENOTYPIC INTEGRATION TO 
OPTIMIZE THE GROWTH AND SURVIVORSHIP OF CHINOOK SALMON 
Introduction 
World fish consumption is rising at an unprecedented rate (FAO 2016). However, wild 
capture fisheries are dependent on management practices as well as ecosystem 
productivity, making them unsustainable to meet global demands alone (Green et al. 
2005; Troell et al. 2014). Aquaculture has the ability to meet these needs for high quality, 
nutritious fish protein while generating vast economic value (Buhler and Halver 1961; 
FAO 2016) in a sustainable manner (Jones et al. 2015). Nonetheless, there remain 
significant hurdles to optimizing aquaculture practices (e.g., feed costs, environmental 
impact; Papatryphon et al. 2004), not the least of which are potential reductions in genetic 
variability due to strong artificial selection on single performance traits (Gjedrem 2005). 
Outcrossing, where a domesticated strain is crossed with wild strains, is a technique 
commonly used across multiple farming practices (Kincaid 1983) offering potential 
performance benefits via heterosis (e.g., offspring having superior attributes than their 
parents; Whitlock et al. 2000) and increasing desired phenotypic variation in F1 hybrids 
(Lannan 1980). Specifically, locally-adapted wild source populations (when 
geographically localized selection pressures act to increase the frequency of fitness-
enhancing physiological and behavioural traits; Taylor 1991) can be used for outbreeding 
to provide aquaculture producers with an increased variability of phenotypic trait values 
within the captive environment (Archard 2012). In theory, greater variability in 
phenotypic traits (i.e., phenotypic diversity) should prevent population crashes from 
sudden environmental change (Norberg et al. 2001), while giving producers more options 
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when selecting ideal phenotypes for broodstock (Gjedrem 2005). However, it has been 
long appreciated that hybrid offspring can experience a reduction in survival (Edmands 
2007; Gharett et al. 1999, Tallmon et al. 2004) and growth (Tymchuk 2006) due to 
outbreeding depression (Allendorf et al. 2001; Neff et al. 2011). As such, aquaculture 
producers require a framework to optimally select phenotypes when employing 
outbreeding measures to both maintain the integrity of the original domesticated line and 
to introduce phenotypes that are likely to be robust and beneficial in a captive 
environment to maximize production (Tallmon et al. 2004). However, since organisms 
function as an integrated whole, and traits are inherently linked by mutual functional 
activities (i.e., genetic linkages, pleiotropy or developmental pathways; Adams and Felice 
2014; Cheverud 1996), aquaculture production should benefit greatly from an 
appreciation of the covariance between traits via the adoption of frameworks such as 
phenotypic integration. 
Phenotypic integration is the correlated evolution of traits due to increasing 
functional performances in a phenotype (Brock and Weinig 2007; McGlothlin et al. 2007; 
Rausher 1992). In essence, traits that co-vary and co-evolve develop co-dependencies that 
can increase fitness through improved functional performance at the cost of flexibility. 
Therefore, phenotypic integration can also generate costs since the evolution of 
independent changes in phenotypic traits (known in contrast, as phenotypic 
independence) can provide benefits via greater flexibility in response to environmental 
change (Bass and Lester 1983; Conner and Sterling 1996; Ketterson et al. 2009). While 
evolutionary ecologists have long been interested in how underlying mechanisms interact 
to generate phenotypes capable of maximizing fitness under different environmental 
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conditions (Pigliucci 2003; Sinervo and Svensson 2002), the application of integrated 
phenotypes to maximize food production is yet to be tested (Hendry et al. 2011; Rauw et 
al. 1998). 
In this study we use the framework of phenotypic integration to examine whether 
outbreeding of seven different wild populations can be used to produce variation in 
energetic and stress-management traits revealing an optimal combination that ultimately 
impacts aquaculture fitness (body size and biomass) of captive Chinook salmon 
(Oncorhynchus tshawytscha). Semelparous Pacific salmon offer an ideal study species for 
this examination due to their high level of local adaptation (Taylor 1991), especially with 
respect to the degree of within-population integration and yet inter-population 
geographical variation in behaviour, physiology and morphology (Lucas et al. 2004). In 
particular, focusing on and optimizing traits that underlie variation in energy- and stress- 
management should lead to maximized growth while limiting operating cost, and is a 
common practice in all types of agriculture (Beef: Cameron et al. 1998; Poultry: Spencer 
et al. 1996; Fish: Knights 1985). Appropriate energetic management within an 
aquaculture setting is also expected to play a critical role in maintaining fish in a net 
energetic surplus to maximize growth (Cuenco et al. 1985). At the same time, minimizing 
the impacts of stressors on the farm can reduce known negative outcomes of captivity 
(i.e., reductions in swimming performance, Gregory and Wood 1999; immune response, 
Maule et al. 1989; in extreme cases increased mortalities, Barton and Iwama 1991). As 
such, investigating physiological and behavioural traits at the core of energetic- and 
stress-management, while addressing logistical issues (e.g., sampling time, costs etc.), 
may provide significant benefits for aquaculture producers. From a physiological 
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standpoint we chose to focus on baseline cortisol, the primary glucocorticoid in fish, 
given its essential role in the mobilization of glucose, lipids and fatty acids (Gregory and 
Wood 1999) and therefore its overall essential role in homeostatic balance (Dallman et al. 
1992). Similarly, we linked this hormone to behavioural traits such as foraging, 
schooling, and disturbance-sensitivity that are fundamental to both obtaining resources 
and managing energy appropriately to promote tissue growth (Gregory and Wood 1999; 
Madison et al. 2015; Martins et al. 2006; Metcalfe 1986). Our overall objective was to 
determine whether the presence of integrated phenotypes within captive populations 
outcrossed with locally-adapted wild populations could be applied to and benefit 
aquaculture in terms of growth and survivorship. In addition to the known phenotypic 
divergence between wild and farmed salmon (Fleming et al. 1994), the degree of locally- 
adapted phenotypes found in salmonids at both the broad and micro-geographic scale 
(Taylor 1991) suggests the potential for precise adaptive changes in population-level 
phenotypes. Therefore, we expected outcrossing to generate relevant phenotypic variation 
across the hybrid populations that would allow us to isolate an integrated phenotype most 
ideal for growth promotion under captive-living conditions. We predicted that integrated 
phenotypes (multi-trait interactions) would perform better than independent phenotypes 
(single-trait effects) for growth due to the intended constancy and consistency of 
aquaculture facilities, which should benefit an optimized, rigid phenotype (integrated) 
rather than a more flexible (independent) phenotype. We further expected the relative 
performance of the integrated phenotypes to change between aquaculture environments 
(i.e., transfer from freshwater rearing to saltwater grow-out) given the dramatic endocrine 
(Björnsson et al. 2011) and subsequent behavioural changes seen during smoltification 
and seaward migration (Iwata 1995). Next, we predicted that it may be intermediate 
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(rather than extreme) levels of baseline cortisol and behavioural traits that would produce 
the highest biomass in hybrid populations (survivorship and growth rate), given the 
known costs of chronically high baseline cortisol levels (Chapter 2; Mommsen et at. 
1999) on the expected benefits of energetic- and stress-management (foraging, sociality 
and disturbance-sensitivity; Juell 1995; Fernö et al. 1988; Papandroulakis 2014). Finally, 
our experimental design with multiple populations affords us the unique ability to 
examine how robust our predictions are when analyzed at different levels of organization 
– at the family versus the population level. We assumed the persistence of integrated 
phenotypes across organizational levels to be indicative of strong selection forces shaping 
these phenotypes. 
 
Materials and methods 
Study species, animal husbandry and growth 
In British Columbia (B.C.), the farming of non-native, Atlantic salmon has produced over 
two million tons of edible protein in 2012 and is dominating the finfish aquaculture 
industry in Canada (FAO 2012). Nonetheless, the farming of this non-Pacific species 
outside its native range is not without potential issues such as the spread of foreign 
diseases (Noakes et al. 2000), proliferation of parasites (Krkošek 2010), and the impacts 
of farmed fish escaping from sea pens (Naylor et al. 2005). A potential alternative native 
species for aquaculture production is the Chinook salmon, which offers highly valued fish 
protein with sustainable growth potential (Buhler and Halver 1961).  
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All fieldwork was conduced at Yellow Island Aquaculture Ltd. (YIAL), a small 
organic Chinook salmon aquaculture facility located on Quadra Island, B.C. [Lat - N 50° 
7' 59.124", Long - W 125° 19' 51.834"]. The seven-generation, domesticated population 
used in this project was produced from a cross fertilized between two nearby hatcheries: 
eggs from Robertson Creek [Lat -N 49° 18' 37.8792", Long - W 124° 57' 36.4392"] and 
milt from Big Qualicum [Lat - N 49° 21' 56.3616", Long - W 124° 39' 6.2964"]. In 2013, 
seven outcrossed hybrid populations (Wild x YIAL) were created by out-crossing dams 
from the YIAL population with wild sires from seven regional tributaries proximate to 
Vancouver Island (Figure 1.2), with the addition of one full inbred domesticated 
population (YIAL x YIAL) serving as control. Fertilization occurred November 2, 2013 
with mixed eggs from 17 hermaphroditic YIAL dams (to control for known maternal 
effects on growth; Heath et al. 1999) being combined with milt from 10 males from each 
wild population, generating a total of 10 families within each population. 
Fry were transferred post-incubation from vertical incubation trays into flow-
through 55-gallon barrels split by family (~100 fish barrel and replicated to account for 
barrel effects; n=160 barrels) on March 14, 2014. Each barrel was cleaned bi-weekly, 
water temperatures were maintained between 10-12˚C, and dissolved oxygen was 
monitored once a week and maintained above 80%. Fish were fed to satiation (~8 
times/day) between 8:00am and 5:00pm. When the fish reached approximately 5g (at 8 
months of age) individuals were PIT tagged for permanent identification and immersion 
vaccinated for vibriosis (MicrovibTM – June, 2014) before being transferred to sea pens 
(August 11-12, 2014). During the transition to salt water, fish were kept separated by 
population, then divided in duplicate and held in sea pens (~ dimensions: 4.57m x 4.57m 
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x 3.04m deep; n=16 pens). All fish were fed to satiation several times a day using a 
standardized commercial diet developed for YIAL.  
During the freshwater period, 10 randomly-selected fish were collected from each 
barrel and weighed bi-weekly (i.e., total of 5 times across the freshwater period from 
April-June 2014). During the saltwater period, all fish in the sea pens were individually 
scanned for PIT tag identification and weighed at three time points (November 2-3, 2014, 
February 27-28, 2015, and May 18, 2015). Family-level survivorship data were recorded 
daily in the freshwater environment, while individual level (PIT-tagged) survivorship was 
monitored throughout the period in salt water.  
 
Freshwater behavioural assays  
Behaviours were recorded at the freshwater (barrel) stage over a two-week period (May 
31 - June 15, 2014) using waterproof GoPro cameras (8 barrels per day – 63 barrels total 
calculated to 52 family means; see Statistical Analyses section for details). Since 
individual fish could not be identified, all freshwater behaviours were measured at the 
family level (averaged across duplicate barrels). Cameras were placed on the bottom 
center of the barrels at ~6:00am and behaviours were recorded for a minimum of 1.5 
hours. At the beginning of filming, a behavioural response to disturbance was evaluated 
by ranking the degree of reaction within the barrel to a researcher placing the camera in 
and adjusting its position. Specifically, we assessed the degree of scatter, breaching 
surface of water, and latency of fish to return to normal behaviour. To assess the degree 
of neophilia, the number of fish that approached the camera, which included biting, 
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orientating near or diving towards the camera, was recorded following the barrel-lid being 
refastened. Feeding behaviour was observed at 1 hour post camera deployment when fish 
were fed ~4.2g of feed. Pre-feeding baseline behaviours were documented every minute 
for the fifteen minutes before the addition of food, and included the following aggregate-
level behaviours: swim direction (uniform, mixed); barrel depth (uniform, top, middle, 
bottom), group cohesion (ranked based on distance between fish), and station holding 
(number of fish stationary swimming at the surface). Additionally, swim velocity (cm/s) 
on a subset of individuals (n=40, then averaged) was recorded using barrel-landmarks, 
measured both pre- and post-feeding. When food was added, analysis of feeding 
behaviours began by noting the depth of the assemblage of fish immediately before, 
during and after feeding. The reaction to the feed stimulus was also quantified by scoring 
the distribution of fish before, during and after feeding, as well as the latency of the 
majority (~90%) of fish to return to normal behaviour and finally the distance swam 
(from position in barrel) to obtain feed. Additionally, feeding-bout time and time that 
baseline behaviours resumed (defined as behaviours most closely related the behaviours 
found pre-feeding) were recorded in seconds. Finally, post-feeding behaviours were 
quantified following the same protocol as pre-feeding for all of the behaviours described 
here. 
 
Saltwater behavioural assays 
All behaviours were similarly recorded at the aggregate level within a sea pen. Saltwater 
assays were replicated as closely to the freshwater assays as possible. From May 4 – 17 
2015, all 16 sea pens were recorded in duplicate then averaged per pen. Sea pens were 
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allocated at least one full day between assays to allow fish time to recover from the 
disturbances. Cameras were mounted at three locations on frames of PVC tubing: two 
cameras were pointed horizontally across the pen on a T-shaped PVC mount, with the 
third placed on the bottom of the sea pen, pointed vertically upwards, to quantify group 
living behaviours (schooling, swim direction, distribution, and surface biting). To obtain 
an estimation of swimming velocity, fish moving parallel to the rim of the sea pen 
(known distance of 4.57m) were selected (40 per video) and velocity was determined by a 
measure of distance over time (cm/sec) where a single random fish was recorded per 
minute. To ensure that the individual being observed was moving across a lateral plane, a 
pixel counter (JRuler Pro 3.1) was used. Briefly, standard length was measured in pixels 
at the beginning and end of the total distance moved; if the pixel count stayed within a 
5% limit then the distance moved was assumed to be accurate. Behavioural observations 
were quantified in the same manner as in fresh water: at the 45-minute mark, 500g of feed 
were administered to observe reaction to feed stimulus and after 15 minutes, a brightly 
coloured novel object (bag filled with stones) was then lowered into the pen to observe 
neophilic behaviour.  
 
Blood sampling 
All samples at the freshwater stage were collected between 7:30-10:30am from May 22 to 
26, 2014 (n=303 fish). Five to six fish were captured from each barrel and anesthetized in 
a clove oil solution. Once the fish began to lose equilibrium, wet weight was recorded, the 
caudal tail was excised, and blood was collected into heparinized capillary tubes. All 
sampling at a given barrel was completed within 5 minutes of initial capture to obtain 
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baseline cortisol levels. Capillary tubes were then capped and centrifuged for at 12,000 
rpm for 15 minutes, after which plasma was separated, transferred to a cryovial and 
frozen at -20˚C. For the purpose of this project, a subset of 303 fish was used (~5-10 per 
family or ~25-55 per population). 
 All saltwater samples were collected between 7:30 -11:30am from May 4 to May 
13, 2015. Ten to twelve fish per pen, or 24 fish per population (n=192), were sampled 
non-lethally within 5 minutes of initial disturbance to obtain baseline cortisol levels. Fish 
were collected using a cast net; after capture, fish were anesthetized using clove oil, wet 
weights were measured, and fish were blood sampled via caudle puncture with 
heparinized syringes and needles. Sea pens were allocated at least one day to recover 
from the capture and blood sampling, and fish accidently re-caught were identified by 
wounds near vent or scale loss and not sampled for a second time. Blood samples were 
centrifuged at 12,000rpm for ten minutes and plasma was separated, frozen and 
maintained at -80˚C until assay. 
 
Cortisol assays 
Enzyme-linked-Immunosorbent Assays (Cayman Chemical, MI, USA) were used to 
obtain baseline plasma cortisol optimized in-house for use in juvenile Chinook salmon 
(Capelle et al. 2016). For both freshwater and saltwater assays, plasma was run un-
extracted and in triplicate across thirteen and eight assay plates, respectively, and at 1:20 
and 1:80 dilution, respectively. Common control samples and standard curves were 
included in each assay plate, and read at a wavelength of 412nM using a 
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spectrophotometer (Biotek Inc). The inter- and intra-assay coefficient of variation for 
freshwater assays was determined to be 7.11% and 5.7%, respectively, and 4.1% and 
4.2%, respectively, for saltwater assays. 
 
Statistical analyses  
Unless otherwise stated, all analyses were completed using JMP version 12 (SAS Institute 
Inc.). Prior to analyses, data were checked for violation of assumptions of normality by 
visual inspection of residual vs. predicted plots, and Shapiro–Wilk tests were used to 
confirm normality. When variance heterogeneity was detected, data were log10 
transformed, unless otherwise stated. All results were measured for significance at α = 
0.05. 
 
Principal component analysis of behaviour 
Initial exploration of both freshwater and saltwater behavioural data was undertaken 
through principal component analysis (PCA) with varimax rotation. All PCA analyses 
were conducted in the same manner for both fresh- and saltwater data for consistency. 
The goal of this PCA was to first reduce redundancies in the data and then to create more 
homogenous groupings. Based on the assay design, four general-category behaviours 
were each examined with a PCA analysis: 1) Feeding, 2) Group living, 3) Movement, and 
4) Boldness. Principal components with eigenvalues greater than 1 were retained and 
included as factors (following the Kaiser-Guttman stopping rule; Guttman 1954). 
Behaviours with a loading of at least 0.55 were considered to contribute to the meaning of 
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a component (Tabachnick and Fidell 1996). Detailed attributes considered in each 
behavioural category along with their respective loadings (PCA analyses 1-4) can be 
found in Tables 3.1 (fresh water) and 3.2 (salt water). Only pre-feeding variables were 
preserved in the analysis as pre- and post-feeding variables showed very high correlation. 
Both freshwater and saltwater PCAs produced a maximum of two factors each with 
minimum eigenvalue scores greater than 1.14, and each factor explained at least 21% 
variance (Table 3.1 and 3.2). Each PCA factor from the four behavioural categories was 
then pooled into an aggregate PCA to reveal different possible behavioural trait 
dimensions (i.e., various combinations of feeding, group-living, movement and boldness 
behaviours). We identified three key aggregate PCA factors similarly across both 
environments that we termed Foraging, Sociality, and Disturbance-sensitivity (PCA 5: 
Table 3.1 and 3.2). These aggregate-level behavioural scores explained a cumulative total 
of 74% variance (descriptions: Table 3.3 and 3.4).  
 
Baseline cortisol 
Cortisol data were log10 transformed to ensure normality and a Dixon’s Q outlier test was 
applied to each population to remove outliers in the data when the null hypothesis of no 
outliers in the data set, was rejected (Rorabacher 1991). One outlier was removed from 
the freshwater data and three from the saltwater data. Since each individually sampled 
fish (fresh water n=303; salt water n=192) was distinguished by family and population, 
mean family and population level cortisol values were determined to family or population 
averages up from an individual level. However, in salt water, families were mixed within 
		 72	
population level sea pens; therefore, saltwater family level cortisol values were not used 
within this study.  
 
Performance metrics 
Body mass (g) was determined at a mean family or population level in fresh water (at the 
final sampling date: June 15, 2014) and salt water (sampling date: May 18, 2015). 
Biomass was the product of the proportion of freshwater survival (post-emergence) or 
saltwater survival (post-transfer) and the average mass per fish by family or population 
within each environment i.e. fresh water (June 15, 2014) and salt water (May 18, 2015) 
(Heath et al. in prep.). From this point forward, performance represents body mass and 
biomass, unless otherwise stated.  
 
Inter-population variation in cortisol and behavioural scores 
We used generalized linear mixed models (GLMM) fit with a Bayesian Markov chain 
Monte Carlo (MCMC) approach and implemented in the R package MCMCglmm 
(Hadfield 2010) to examine co-variation in cortisol and behavioural component scores 
across populations. We used a Bayesian framework because of 1) its ability to sample 
thousands of simulations from calculated distributions making the GLMM not as 
sensitive to small sample sizes or non-normal distributions of the data as other statistical 
methods, and 2) the ability to run multivariate models with random effects (Hadfield 
2010; Sorensen and Gianola 2007). We used an uninformative prior for the entire 
MCMCglmm analysis. A cbind function (Team R 2014) was used to account for potential 
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covariance amongst our many response variables (behavioural PCA factors and cortisol). 
We used a suppressed-intercept model so that parameter estimates associated with the 
traits could be interpreted without being contrasted against each another (i.e., no reference 
group). Population was entered as our fixed effect with two random effects (density and 
barrel/sea pen). Each chain was run for 100 000 iterations, with 10 000 of the first 
iterations being discarded via the burn-in function. We used the default-thinning interval 
of 10, meaning that every 10 iterations, one iteration was drawn from the algorithm and 
was then used to compute an effective sample size of 9000, with 95% credibility 
intervals, and means of the posterior distribution (Finch et al. 2014).  
 
Predicting variation in performance 
There are multiple ways in which researchers can use phenotypic variation to predict 
performance, both from a simple and an integrated point of view. To provide both 
evolutionary ecologists and aquaculture producers with guidance on the most efficient 
manner in which to use phenotypic traits to predict performance (body mass and 
biomass), we used a hierarchical approach, building on increasing complexity and 
integration, both among traits and across levels of organization, in both fresh- and 
saltwater environments. As such, we began first with a simplified, general linear main-
effects mixed model to examine whether the main effects (cortisol, foraging, sociality and 
disturbance-sensitivity) could be successful in predicting biomass and body mass within 
both the freshwater and saltwater environments. To develop models built on biologically-
relevant phenotypic groupings, we then compartmentalized the phenotypic traits into the 
following groupings: 1) ‘Energy-management’, to represent cortisol, sociality and 
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foraging and their interactions and, 2) ‘Stress-management’, representing cortisol and 
disturbance-sensitivity and their interaction, and then examined these combined effects on 
biomass and body mass in fresh and salt water. The order of analyses is as follows: 1) 
main-effects only models at the family (fresh water - FW) and population levels (FW and 
salt water - SW); 2) integrated models (energy and stress) within environments at the 
family (FW) and population levels (FW and SW); 3) integrated models across 
environments - FW energy and stress models and their ability to predict SW biomass and 
SW body mass, and finally 4) FW performance predicting SW performance. All FW 
family-level models could be repeated at a population level (albeit at a reduced sample 
size), with the exception of three-way interactions, which could not be reproduced due to 
a lack of degrees of freedom. Population was included as a random effect in both the 
freshwater (n=52 families) and saltwater (n=16 sea pens) environments, although no 
random effects were included in the freshwater population models (n=8 since values for 
families needed to be averaged across the replicate sea pens). Because fish were housed 
by family in fresh water, and individually tagged and identifiable in salt water, biomass 
(mass and survival) could be calculated at either family- or sea-pen level.  
Both linear and quadratic terms for behaviour and cortisol were applied in all 
models to account for any hormetic relationships between cortisol and behaviour by 
performance (Schreck 2010); however, quadratic variables were non-informative and 
only linear predictors are shown in this study.  
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Results 
Variation in cortisol and behaviour across populations 
Mean cortisol values in fresh water and salt water were 5.2±2.29 ng/ml and 37.7±5.99 
ng/mL (SEM), respectively. Behavioural components grouped slightly differently across 
fresh- and saltwater environments with the neophilia score loading with the Sociality 
factor in fresh water and with the Foraging factor in salt water. We interpret this 
differential loading as follows: within fresh water, neophilia was observed as a potential 
interruption from cohesive swimming behaviour where fish were more prone to leave the 
group to engage with novel objects, thus decreasing their ‘sociality’ score. In contrast, 
saltwater neophilia represented fish more likely to inspect the novel object as well as the 
multiple food items available in the sea pens, thus increasing their ‘foraging’ score. 
Within the freshwater environment, multivariate tests indicated a significant population 
effect, with relationships among our traits (cortisol, foraging, sociality and disturbance-
sensitivity) differentially varying across populations, with the majority (6 populations) 
significantly different from the model-mean (MCMCp-values ≤ 0.049). Additionally, 
despite the large difference observed in saltwater cortisol (driven mainly by the domestic 
population), when included with other saltwater behaviour variables, all traits co-varied 
similarly across populations (all MCMCp-values ≥ 0.072; Table 3.5). 
 
Independent and integrated effects of cortisol and behaviour on performance 
Main effects 
At a family level (n=52) sociality as a single main effect did not predict freshwater 
biomass (F = 5.7, p = 0.21), but did show a positive linear relationship with body mass (F 
		 76	
= 1.69, p = 0.018). Neither freshwater cortisol, disturbance-sensitivity, nor foraging 
independently predicted freshwater biomass or body mass at a family or population level 
(all p > 0.2). Additionally, neither population level (n=16) saltwater cortisol, sociality, 
disturbance-sensitivity, nor foraging independently predicted saltwater biomass or body 
mass (all p > 0.2; see Table 3.6). 
 
Integrated within environments 
In fresh water at a family level (n=52), the integrated energy-management model revealed 
a significant 3-way interaction between cortisol, foraging, and sociality affecting biomass 
(R2 = 0.38, df = 1, p = 0.014; Figure 3.1) where high cortisol (e.g., >0.5 ng/ml), high 
foraging score and high sociality score resulted in the highest biomass and body mass. 
The 3-way interaction (Figure 3.1) was not graphically produced as the relationship 
proved to be very similar. Both sociality and foraging as main effects additionally had 
positive linear (df = 1, p = 0.038) and negative linear (df = 1, p = 0.035) relationships 
with biomass, respectively, and a significant two-way interaction was found between 
cortisol and foraging in explaining variation in FW biomass (df = 1, p = 0.017). The 3-
way interaction between cortisol, foraging, and sociality persisted, having a significant 
affect on body mass as well (R2 = 0.28, n = 52, df = 45, p = 0.031) while sociality as a 
main effect in this model also continued to have a significant positive relationship (df = 1, 
p = 0.013). No other terms were significant for body mass. An integrated stress-
management model did not explain variation in freshwater biomass or body mass (all p > 
0.3). Moreover, at a population level, no significant relationships were found between 
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energy- or stress-management and performance within both freshwater and saltwater 
(n=16) environments (all p > 0.07; see Table 3.7). 
 
Integrated across environments  
At the family level, the energy-management model revealed a significant 2-way 
interaction between freshwater sociality and foraging on saltwater body mass only (R2 = 
0.28, df =1, p = 0.02; Figure 3.2 and 3.3); specifically, high foraging and low sociality 
maximised body mass. However, for energy-management at the population level, the 2-
way interaction was no longer significant (df =1, p = 0.354). At the family and population 
level, no significant relationships were found for stress-management models being able to 
predict SW performance (all p > 0.08; see Table 3.8). 
 
Performance across environments 
At family (n=52) and population (n=8) levels, no performance metrics in fresh water (i.e. 
biomass or body mass) could predict performance in salt water (all p > 0.1; see Table 
3.9). 
 
Discussion 
In this study, our overall goal was to examine whether information on integrated 
phenotypes between hormones and behaviours at the heart of energetic- and stress 
management could better predict performance in outbred aquaculture populations. Our 
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study is one of the first to examine how hormones and their mediated traits can interact to 
generate functional, integrated phenotypes (Ketterson et al. 2009), and to our knowledge 
no studies have examined how integrated phenotypes can be employed to maximize 
performance in domesticated agricultural/aquaculture settings (Hutchings and Fraser 
2008). We also purposely built analyses with increasing levels of complexity with the 
goal of testing whether the inclusion of integrated phenotypes increases predictive 
capacity in aquaculture. In taking this practical approach, we were careful to examine 
whether integration could be documented at basic population scales (due to assumed local 
adaptation), or whether producers needed to appreciate integration at finer, family-level 
scales to minimize future sampling effort for aquaculture producers. Outbreeding with 
wild populations generated variation amongst our phenotypic traits of interest at the 
freshwater stage, although these traits appeared less collectively variable once fish had 
been transferred to salt water. While we tested main-effects models first as a means of 
maximizing future efficiency for the producer, it was in fact a 3-way interactive model 
between cortisol, foraging and sociality which best predicted variation in both biomass 
and body mass at the freshwater life history stage. These results suggest the true 
importance of examining the co-variance between traits rather then a taking a simpler, 
single-trait approach when predicting how phenotypic variation will impact performance 
within the context of outbreeding. Across environments (and as a corollary, life-history 
stages), the integration between freshwater sociality and foraging could predict saltwater 
body mass, but not saltwater biomass, at a family level. Unfortunately for aquaculture 
producers, none of the freshwater phenotypic models at a population level, either with 
simple main effects or complex interactions, could be used to predict performance in salt 
water, and interestingly, even performance in fresh water could not be used to predict 
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performance in salt water. Nonetheless, these findings suggest that examining traits as 
functional, integrated units – in this case cortisol, foraging, sociality and disturbance-
sensitivity, and thus, acknowledging the co-variance between these traits –  was a far 
more predictive approach than using independent single-traits to determine variation in 
performance.  
 
Effects of outcrossing on variability across environments in performance-mediated traits 
We found observable differences between environments in the degree of inter-population 
variation in our predictive phenotypic traits (cortisol, foraging, sociality and disturbance-
sensitivity). Local adaption driven by environmental variation has been shown to have 
profound effects in shaping phenotypes in wild Pacific salmon (Fraser et al. 2011; Taylor 
1991) in addition to known phenotypic divergence between wild and farmed salmon 
(Fleming 1994). Within their given environments, local adaptation is expected to lead to 
increases in fitness which are then expected to increase genetic covariance, leading to 
correlated suites of alleles in the genome, favoring tight trait-covariance (i.e. integrated 
phenotypes; McGlothlin and Ketterson 2008; Phillips and Arnold 1989).   
Our inbred line of domestic hermaphroditic dams was strategically selected to 
reduce maternal affects across all hybrid populations (Heath et al. 1999). As such, the 
inter-population variation observed in this study can be mainly attributed to sire effects 
derived through local adaption highlighting the phenotypic differences from the regional 
Chinook populations (Fraser et al. 2011). Both the freshwater and saltwater environments 
have distinct environmental pressures (e.g., fresh water: seasonal flooding and freezing: 
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Wickett 1958, variation in river flows: Nickelson et al. 1992, abundance of terrestrial 
predators: Magnhagen 1988; salt water: spring upwelling: Petrosky and Schaller 2010; 
Scheuerell and Williams 2005, Pacific decadal oscillation (PDO): Mantua et al. 1997, 
fishing pressures: Botsford 1997). In our study, the outbred populations originated from 
distinct and geographically separated freshwater environments, while in salt water all of 
these populations would be expected to share a common geographic open ocean space. As 
such, it may not be surprising that outbreeding with wild populations generated variation 
in our phenotypic traits of interest at the freshwater stage, but much less co-variation in 
the saltwater stage. Of course, it is possible that we may have been limited by low sample 
size in the saltwater environment (16 pens in saltwater versus 52 barrels in freshwater) 
and thus lacked the power to detect statistical significance (more detail below). However, 
this study is nonetheless unprecedented in its ability to investigate variation among seven 
outcrossed wild-origin salmon populations. 
 
Phenotypic independence and integration across multiple functionally related traits 
A primary aim of this study was to provide both evolutionary ecologists and aquaculture 
producers with guidance on the most efficient manner in which to use phenotypic traits to 
predict performance. As such, we compared both simplified, main effects models (i.e., 
assuming phenotypic independence) with integrated phenotypic models as predictors of 
body mass and biomass using a hierarchical approach, building on increasing complexity 
and integration. Previous empirical work has suggested a relative degree of evolutionary 
freedom (i.e., phenotypic independence) in functionally related traits (hormones: 
Ketterson et al. 2009; behaviour: Bell 2005). However, integrated phenotypes compared 
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to independent phenotypes are more likely to increase performance through more 
efficient functional performance at the cost of increased flexibility when parts of the 
phenotype can respond to a stressor more freely (McGlothlin and Ketterson 2008).  
In the freshwater life history stage we found that a complex, integrated phenotype 
between cortisol, foraging and sociality was the best predictor of both body mass and 
biomass, strongly indicating that an integrated phenotypic approach had more power. The 
complex integrated phenotype we observed (Figure 3.1) exemplifies the often-extreme 
effects that glucocorticoids are known to have on performance outcomes via their 
interactions with behavioural traits (Dhabhar 2014; Gekle and Grossmann 2009). In our 
case, when at low levels (e.g., <0.5 ng/ml) baseline cortisol did not appear to significantly 
impact biomass, where all phenotypes (regardless of high or low foraging or sociality 
behaviours) resulted in mid-range values for biomass (~4.9g to 5.3g; Figure 3.1). 
However, when baseline cortisol was higher (e.g., >0.5 ng/ml; Figure 3.1) it showed 
either beneficial effects on performance (i.e., when coupled with high sociality and 
foraging) or detrimental effects (i.e., when coupled with high sociality and low foraging) 
on performance. These context-dependent effects on performance highlight a “high risk, 
high reward” interaction between cortisol and behavioural regulators of energy 
management: increased energetic availability (via elevated cortisol production: Gregory 
and Wood 1999) coupled with high sociality and foraging metrics appears to maximize 
net energetic gain, providing a net benefit when baseline glucocorticoids are elevated. 
However, when behavioural traits are not suited to capitalize on the increased energy 
(capturing more food: Papandroulakis et al. 2014; increased cohesion to save energy: 
Oppedal et al. 2011), then elevated baseline glucocorticoids may cause individuals to fall 
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into a net energetic loss, leading to decreases in performance (Metcalfe 1986). As such, 
and as predicted by the theory of phenotypic integration (Ketterson et al. 2009), our 
results also highlight that the impact of traits such as baseline cortisol on performance can 
only be predicted when they are coupled with specific values of correlated, interactive 
behavioural traits.  
 
Examining integrated phenotypes across environments and life histories  
The ability to predict variation in future performance outcomes from either 1) early life- 
history phenotypic traits or 2) performance, is of significant importance for both the study 
of evolutionary ecology and aquaculture applications. The life histories of Pacific salmon 
are highly varied across life-history stages and environments, and as such provide 
multiple opportunities to investigate how physiological and behavioral diversity impacts 
performance both within and between populations (Groot et al. 2010). In our study we 
examined whether freshwater phenotypes and performance could be used to predict future 
(saltwater) performance. Importantly, we aimed to describe these possible relationships at 
both the family level and at the population level for practical (increased sample size), 
academic (persistence of phenotypes across organization levels) and applied (production 
efficiency) purposes. At a family level, we observed an integrated phenotype between 
foraging and sociality behaviours (Figure 3.2 and 3.3). This integrated phenotype 
predicted the highest saltwater body mass when freshwater foraging behaviour was high 
and sociality was low. This phenotype may indicate a more “anti social” strategy at the 
freshwater life history stage where families that are more effective in their foraging (i.e., 
quick response to feed, consuming the majority of feed that is available) coupled with 
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reduced sociality (i.e., cohesive swimming, neophilia) have the highest biomass in salt 
water. These results are consistent with the fact that smoltification in Chinook salmon 
(i.e. our freshwater life history stage) is a critical life history stage known to be extremely 
demanding on energetic reserves (Specker 1982). As such, efficient foraging behaviour 
should be particularly important for consuming enough energy to maximize growth as 
quickly as possible to allow fish to begin the marine phase both as early as possible and in 
an energetically positive state (Bull 1996). At this freshwater life history stage it may 
therefore be beneficial to be “anti-social” in that it may focus individuals on foraging, 
increasing net energy gain before smoltification.  
 Stress-management had no apparent effects on performance both in freshwater 
and saltwater environments and across any of our levels of organization. The scope of this 
study was to identify integrated phenotypes at a baseline level (naturally occurring and 
undisturbed). Therefore, we aimed to avoid stress-induced cortisol levels in order to 
examine how the interactions between cortisol and behaviours impacted functional 
performance across time, not simply within specific reactionary periods. Therefore, 
examining stress-management within the context of phenotypic integration proved to be 
particularly challenging. Because environmental stressors have been shown to both 
amplify and mask the relationships between physiology and behaviour (Killen et al. 
2013), relationships within our stress- and energy-management models could have been 
misinterpreted if the stressor were too intense. Our disturbance and potential slight 
stressor (camera placement) to the fish was not meant to be dramatically stressful in order 
to allow us to isolate singular or multi-trait effects for integrated phenotypes at a baseline 
level and thus outside of the realm of reaction norms or pure stress physiology. Perhaps a 
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stress management specific study, which examines integration before, during and after an 
intense stressor, would better reveal integrated phenotypes driven by stress management. 
This design would allow researchers to isolate the effects of an intense stressor on 
integrated phenotypes, potentially revealing the benefits and costs of integration on 
performance and thus expanding our current understanding surrounding the flexibility (or 
lack of flexibility) of integrated phenotypes to abrupt environmental changes.  
Finally, we examined all models (main effects and their interactions) at the 
population level as a means of simulating the decreased sampling effort that may be 
required for increasing the efficiency of aquaculture production, as well as providing 
evolutionary ecologists with a sense of the minimal level at which integration might 
occur. Not surprisingly, we were limited to low sample sizes with this approach when 
testing population-level integrated phenotypes, as it was not feasible to separate the 52 
families into 52 different sea pens. As such, low sample sizes based on population mean 
values (n=8) also limited our ability to perform complex models (e.g., 3-way 
interactions). We detected no main effects or interactions between phenotypic traits in 
predicting biomass or body mass at either the freshwater stage or across environments. 
While the loss of predictive phenotypes at the population level could simply be attributed 
to a lack of statistical power in our models, this approach nonetheless highlights the need 
for a more complex approach when examining the impacts of integrated phenotypes on 
performance. Indeed, while previous research has demonstrated the occurrences of diel 
cortisol rhythms and energy management behaviours (foraging and sociality) at the 
population level within freshwater environments (Chapter 2), the occurrence of integrated 
phenotypes in the saltwater environment has not yet been determined in Salmonids. 
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Moreover, relationships that exist between phenotypic traits (e.g., cortisol exposure and 
behaviour) do not by themselves confirm integration (and by extension maximized 
performance) highlighting that only within the context of a fitness measure can actual 
phenotypic integration be revealed.  
 
Conclusions 
This is the first study to use the combination of multivariate and multivariable model 
fitting and relationships to performance when investigating the relative roles of integrated 
versus independent phenotypes in predicting fitness. By extension, this work has provided 
insight into how optimal ranges of physiological and behavioural traits can interact to 
maximize performance in salmonid aquaculture. This work highlights how predicting 
optimal values for multivariate traits that ultimately maximize growth is very complex 
and may not necessarily occur via simple linear relationships. Under captive conditions 
where artificial selection can rapidly shape wild phenotypes outside of their optima 
(Fleming et al. 1994), paying close attention to the interaction between mechanistic 
drivers of performance will be important for maximizing long-term production success 
(Laughlin and Messier 2015; McGlothlin and Ketterson 2008). Our work further 
highlights the value of applying ecological and evolutionary theory to increase our 
understanding of how the relative robustness of integrated phenotypes following 
outcrossing and under environmental change can ultimately benefit the aquaculture 
industry. Simply put, screening at the individual or family level may not be feasible 
(Castanheira 2013; Pigliucci 2003). Instead, determining whether integrated phenotypes 
exist at the population level is more practical and while more complex, reveals real 
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applicable benefits for producers. Under a phenotypic framework, integrated phenotypes 
have been shown here to provide the greatest predictive ability when compared to 
independently examined traits, providing essential detail into the robustness and 
performance of traits likely to predict variation in performance outcomes.    
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Table 3.1 Four freshwater behavioural PCA outputs. PCA1 through PCA4 indicating 
behavioural grouping (i.e. foraging, sociality, movement, Disturbance-sensitivity), 
variable descriptions and PCA loadings. PCA5 describes the three-second order rotated, 
aggregate level behavioural scores generated by combining the PCA loadings from the 
initial four PCAs. 
Behavioural PCA 
measurements 
Variable description PCA loadings 
  Appetite 
 
Foraging 
bout length 
 
PCA 1: Feeding     
Foraging score Ranked score based 
on the majority 
(75%) of fishes’ 
reaction to the feed 
stimulus and position 
in the barrel before 
and during the 
feeding bout. 
0.781629 -0.147174  
Length of feeding Bout 
(s) 
Time taken for the 
total fish to consume 
feed. 
0.005015 0.981934  
Latency to return to 
normal behaviour post-
feeding (s) 
Time taken for the 
majority (75%) of 
fish to resume normal 
behaviours post-
disturbance. 
-0.773964 -0.157380  
Variance Explained 
(%) 
 40.33 33.69  
Eigenvalue  1.21 1.01  
     
PCA 2: Group living  Group 
cohesion 
Station 
holding 
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Average swim velocity 
(cm/s) 
Average swim 
velocity as a measure 
of distance (cm) / 
time (s) on a subset 
of fish  (n=40 per 
trial). 
0.644742 0.127291  
Cohesion score Ranked score, based 
on the majority 
(75%) of fishes’ 
distance from each 
other while 
swimming. 
0.908049 -0.132756  
Depth score 
 
Ranked score, based 
on the majority 
(75%) of fishes’ 
distance to the 
surface and 
distribution 
throughout the water 
column. 
0.318233 0.784627  
Direction score 
 
Ranked score, based 
on dominant direction 
the majority of (75%) 
fish are swimming.   
0.888309 -0.038691  
Cumulative station 
holding 
Tally of individual 
fish holding near the 
surface. (i.e., close to 
feeding locations) 
taken once per 
minute.  
-0.326057 0.731936 
 
 
Variance explained 
(%) 
 44.738 23.734  
Eigenvalue  2.2405 1.1831 
 
 
     
PCA 3: Movement  Swim 
variability 
  
Number of cohesion 
changes 
Tally of changes in 
cohesion (loose-tight; 
determined once per 
minute) of the 
0.6801752   
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majority of fish 
(~75%).  
Deviation in swim 
velocity (σ) 
Standard deviation of 
swim velocity (from 
subset of 40 fish). 
0.3743259   
Number of depth 
changes 
Tally of changes in 
depth of the majority 
of fish (~75%) 
(determined once per 
minute). 
0.8131178   
Number of direction 
changes 
 
Tally of changes in 
direction of the 
majority of fish 
(~75%) (determined 
once per minute). 
0.8496489   
Variance explained 
(%) 
 49.646   
Eigenvalue  1.9858   
     
PCA 4: Boldness  Neophilia Reaction  
Latency to inspect Time in seconds until 
a single fish inspects 
the novel object (fish 
changing direction 
and diving directly at 
the novel object 
within 1-2 body 
lengths, fish may 
engage with novel 
object (touching, 
biting or orientating 
near novel object). 
-0.803504 0.090949  
Sum of inspections Total number of 
individuals to 
inspection the novel 
object. 
0.838577 0.107183 
 
 
Reaction to 
disturbance 
Ranked score, based 
on the majority 
(75%) of fishes’ 
reaction (swimming 
erratically away, 
-0.244444 0.775183  
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jumping or breaking 
up cohesive 
swimming) to a 
disturbance. 
Latency to return to 
normal activity post-
disturbance 
 
Time in seconds until 
fish return to normal 
behaviour post 
camera placement 
and bird netting 
replaced (normal 
behaviour determined 
by reduction in swim 
bursts and vertical 
swimming, >90% of 
total fish). 
 
0.271857 0.771389  
Variance explained 
(%) 
 37.06 30.39  
Eigenvalue  1.49 1.21  
     
PCA 5: Second 
order: Aggregate 
 
 
Sociality Disturbance
-sensitivity 
 
Foraging 
Appetite  -0.146644 -0.351004 0.625928 
Foraging bout length  0.589624 0.268175 0.364352 
Group cohesion  -0.701657 
 
0.252852 0.076821 
Station holding  -0.010700 0.093833 0.785907 
Swim variability  0.307124 0.747428 -0.108883 
Neophilia  0.701657 0.165239 -0.214242 
 
Reaction  -0.187668 0.767558 0.012722 
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Variance explained 
(%) 
 
 
21.16 
 
20.62 17.23 
 
Eigenvalue  
 
1.76 1.23 1.14 
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Table 3.2 Four saltwater behavioural PCA outputs. PCA1 through PCA4 indicating 
behavioural grouping (i.e. foraging, sociality, movement, Disturbance-sensitivity), 
variable descriptions and PCA loadings. PCA5 describes the three-second order rotated, 
aggregate level behavioural scores generated by combining the PCA loadings from the 
initial four PCAs. 
Behavioural PCA 
measurements 
Variable 
description 
PCA loadings 
  Appetite 
 
Foraging 
bout 
length 
 
PCA 1: Feeding     
Foraging score Ranked score based 
on the majority 
(75%) of fishes’ 
reaction to the feed 
stimulus and 
position in the barrel 
before and during 
the feeding bout. 
0.781629 -0.147174  
Length of feeding Bout (s) Time taken for the 
total fish to consume 
feed. 
0.005015 0.981934  
Latency to return to normal 
Behaviour post-feeding (s) 
Time taken for the 
majority (75%) of 
fish to resume 
normal behaviours 
post-disturbance. 
-0.773964 -0.157380  
Variance Explained (%)  40.33 33.69  
Eigenvalue  1.21 1.01  
     
PCA 2: Group living  Group 
cohesion 
Station 
holding 
 
Average swim velocity Average swim 
velocity as a 
0.644742 0.127291  
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(ft/s) measure of distance 
(cm) / time (s) on a 
subset of fish  (n=40 
per trial). 
Cohesion score Ranked score, based 
on the majority 
(75%) of fishes’ 
distance from each 
other while 
swimming. 
0.908049 -0.132756  
Depth score 
 
Ranked score, based 
on the majority 
(75%) of fishes’ 
distance to the 
surface and 
distribution 
throughout the water 
column. 
0.318233 0.784627  
Direction score 
 
Ranked score, based 
on dominant 
direction the 
majority of (75%) 
fish are swimming.   
0.888309 -0.038691  
Cumulative station holding Tally of individual 
fish holding near the 
surface. (i.e., close 
to feeding locations) 
taken once per 
minute.  
-0.326057 0.731936 
 
 
Variance explained (%)  44.738 23.734  
Eigenvalue  2.2405 1.1831 
 
 
     
PCA 3: Movement  Swim 
cohesion and 
direction 
variability 
Swim 
depth 
variability 
 
Number of cohesion 
changes 
Tally of changes in 
cohesion (loose-
tight; determined 
once per minute) of 
0.908540 0.085022  
		 101	
the majority of fish 
(~75%).  
Average swim velocity (σ) Standard deviation 
of swim velocity 
(from subset of 40 
fish). 
-0.110105 -0.802362  
Number of depth changes Tally of changes in 
depth of the 
majority of fish 
(~75%) (determined 
once per minute). 
0.020608 0.816352  
Number of direction 
changes 
 
Tally of changes in 
direction of the 
majority of fish 
(~75%) (determined 
once per minute). 
0.896179 0.058761  
Variance explained (%)  41.03 33.02  
Eigenvalue  1.76 1.2  
     
PCA 4: Boldness  Neophilia Reaction  
Latency to inspect Time in seconds 
until a single fish 
inspects the novel 
object (fish 
changing direction 
and diving directly 
at the novel object 
within 1-2 body 
lengths, fish may 
engage with novel 
object (touching, 
biting or orientating 
near novel object). 
-0.803504 0.090949  
Sum of inspections Total number of 
individuals to 
inspection the novel 
object. 
0.838577 0.107183 
 
 
Reaction to disturbance Ranked score, based 
on the majority 
(75%) of fishes’ 
reaction (swimming 
-0.244444 0.775183  
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erratically away, 
jumping or breaking 
up cohesive 
swimming) to a 
disturbance. 
Latency to return to normal 
activity post-disturbance 
 
Time in seconds 
until fish return to 
normal behaviour 
post camera 
placement and bird 
netting replaced 
(normal behaviour 
determined by 
reduction in swim 
bursts and vertical 
swimming, >90% of 
total fish). 
 
0.271857 0.771389  
Variance explained (%)  37.06 30.39  
Eigenvalue  1.49 1.21  
     
PCA 5: Aggregate PCA – 
second order 
 
 
Foraging Sociality 
 
Disturbance
-sensitivity 
Foraging efficiency  0.270171 -0.378084 0.658452 
Appetite  0.931955 
 
0.1093304 -0.012013 
Schooling  0.195781 0.839278 0.364592 
Station holding  0.871464 -0.122132 -0.224004 
Swim cohesion and 
direction variability 
 -0.08268 0.887095 -0.143115 
Swim speed and depth 
variability 
 -0.30095 0.152388 0.668173 
Neophilia  0.867703 0.042885 0.278263 
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Reaction  -0.05809 -0.093723 0.685803 
Variance explained (%)  
 
32.41 21.19 20.39 
Eigenvalue  
 
2.61 1.79 1.36 
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Table 3.3 Interpretation of each PCA component per behavioural category and the 
subsequent principal component loadings that were generated in freshwater. 
Behavioural 
Category 
Principal 
Component 
Interpretation  
Principal Component Description 
Feeding 
 
Appetite 
A high positive value denotes fish that actively 
seek out the feed by swimming after the sinking 
food and consume it. These fish spend a longer 
time post-feeding bout searching for food. 
 
 
 
 
 
Foraging bout length 
A high positive value denotes a foraging bout 
where feed floated on the surface or remained 
suspended for a longer time compared to other 
families of fish. 
 
Group living 
Group cohesion 
A high positive value denotes fish swimming 
quickly, close to the surface and within close 
proximity to each other (approx. 1-2 body 
lengths on average). 
 
Station holding 
A high positive value denotes fish that are 
spread out randomly throughout the barrel with 
many fish protecting valuable feeding areas at 
the surface. 
 
Movement Swim variability 
A high positive value denotes fish, which are 
inconsistent in their swimming patterns by 
frequently changing in the distance between 
each other, frequently changing their swimming 
and frequently changing the depth they are 
swimming at in the barrel. 
 
Boldness Neophilia 
A high positive value denotes fish that quickly 
inspect the novel object and frequently inspect 
the novel object after the initial inspection. 
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Reaction 
A high positive value denotes fish, which have 
a frightful reaction (breaking up from cohesive 
swimming, erratic swimming, jumping etc.) to 
the disturbance and then take a longer time (s) 
to return to normal behaviour post disturbance.  
  
Second order: 
Aggregate 
Behaviour 
Sociality 
A high positive score denotes fish that are 
swimming closely together (Group Cohesion), 
have a slightly longer foraging bout and are 
highly neophilic (Neophilia). 
 
Disturbance-
sensitivity 
A high positive score denotes fish that are 
frequently changing in their swimming patterns 
(Swim variability) and are having a frightful 
reaction (breaking up from cohesive swimming, 
erratic swimming, jumping etc.) to a 
disturbance (Reaction). 
 
Foraging 
A high positive value indicates fish that are 
actively seeking out their food (Appetite) and 
are having a high number of individuals 
holding at the surface closest to the feed 
(Foraging bout length).   
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Table 3.4 Description and interpretation of each PCA component per behavioural 
category and the subsequent principal component loadings that were generated in 
saltwater. 
Behavioural 
Category 
Principal 
Component 
Interpretation  
Principal Component Description 
Feeding 
Foraging efficiency A high positive value denotes fish, which 
actively seek out the feed by swimming after the 
sinking food and consume it these fish spend a 
longer time post-feeding bout searching for food. 
 
 
 
Appetite 
A high positive value denotes fish, which 
actively seek out the feed by swimming after the 
sinking food and consume it while having a 
slightly longer foraging bout compared to other 
populations. 
 
Group living 
Group cohesion 
A high positive value denotes fish swimming 
quickly, close to the surface and within close 
proximity to each other (approx. 1-2 body lengths 
on average). 
 
Station holding 
A high positive value denotes fish that are spread 
out randomly throughout the sea pen with many 
fish protecting valuable feeding areas at the 
surface. 
 
Movement 
Swim cohesion and 
direction variability 
A high positive value denotes fish, which are 
frequently changing the average distance between 
each other and frequently changing the direction 
they swim in the sea pen.  
 
Swim speed and 
depth variability 
A high positive value denotes groups of fish with 
high individual variation in swim speed (ft/s) and 
frequently change the depth they are swimming 
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in the sea pen. 
 
Boldness 
 
Neophilia 
A high positive value denotes fish that quickly 
inspect the novel object and frequently inspect 
the novel object after the initial inspection. 
Reaction 
A high positive value denotes fish, which have a 
frightful reaction (breaking up from cohesive 
swimming, erratic swimming, jumping etc.) to 
the disturbance and then take a longer time (s) to 
return to normal behaviour post disturbance.  
 
Second order: 
Aggregate 
Sociality 
A high positive score denotes fish that are 
swimming closely together (Group cohesion), 
and have a high consistency in their cohesive 
swimming (Swim cohesion and direction 
variability). 
 
Disturbance-
sensitivity 
A high positive score denotes fish that are 
frequently changing in their swimming patterns 
(Swim variability) and are having a frightful 
reaction (breaking up from cohesive swimming, 
erratic swimming, jumping etc.) to a disturbance 
(Reaction). 
 
Foraging 
A high positive value indicates fish that are 
actively seeking out their food (Appetite), are 
having a high number of individuals holding at 
the surface closest to the feed (Foraging bout 
length) and have a high number of inspections to 
the novel object (Neophilia).  
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Table 3.5 Results of MCMCglmm assessing population differences in behaviour at the 
freshwater and saltwater life history stages with two random effects included (density and 
barrel or sea pen) in every model. The parameter estimate is the mean of the posterior 
distribution. The 95% credibility interval reports the lower and upper boundary values of 
the posterior distribution. A 95% credibility interval that encompasses negative values 
only is interpreted as a negative correlation between the variable and the fixed effect; a 
posterior distribution above zero is interpreted as a positive correlation between the 
variable and the fixed effect. Bolded p-values highlight statistically significant variation 
(<0.05) from a model-mean of co-varying traits. 
Model Environment Population 
 
Posterior 
mean 
95% credibility 
interval 
P-value 
(MCMC) 
1) Sociality 
+ Foraging 
+ 
Disturbance
-sensitivity 
+ Cortisol 
 
Freshwater 
(n=52) 
YIAL 0.209 -0.028, 0.441 0.081 
Big Qualicum 0.490 0.293, 0.687 <.0001 
Capilano 0.309 0.086, 0.521 0.008 
Chilliwack 0.06 -0.135, 0.252 0.527 
Nitinat 0.345 0.052, 0.633 0.023 
Puntledge 0.52 0.341, 0.696 0.049 
Quinsam 0.251 0.002, 0.499 <.0001 
Robertson Creek 0.314 0.144, 0.481 <.0001 
Saltwater 
(n=16) 
YIAL 2.28 -0.949, 5.504 0.145 
Big Qualicum 0.723 -1.438, 2.827 0.451 
Capilano -0.010 -1.208, 1.204 0.99 
Chilliwack 0.651 -0.822, 2.118 0.331 
Nitinat 1.255 -0.466, 2.952 0.132 
Puntledge 0.774 -0.640, 2.211 0.245 
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Quinsam 0.749 -0.121, 1.614 0.084 
Robertson Creek 1.276 -0.119, 2.674 0.072 
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Table 3.6 Summary of linear regressions examining the effects of cortisol and behaviour 
on performance within the fresh ((a) family level: n=52 and (b) population level: n=8) 
and saltwater ((c) population level: n=16) environments. Population was included as a 
random effect in both the freshwater (n=52) and saltwater (n=16) environments. No 
random effects included in the freshwater population models (n=8) (significant P-values 
indicated in bold). 
Main effects 
(a) Freshwater environment (Family level: n= 52) 
Performance metric Variable Estimate SE F df P 
Freshwater biomass Intercept 5.219 0.138 - - <.0001 
      
Sociality 0.112 0.072 2.438 1 0.125 
      
Foraging -0.072 0.070 1.041 1 0.313 
      
Disturbance-sensitivity 0.022 0.092 0.055 1 0.815 
       
 Cortisol -0.180 0.236 0.583 1 0.449 
       
Freshwater body mass  Intercept 5.226 0.167 - - <.0001 
      
Sociality 0.207 0.087 5.744 1 0.021 
      
Foraging -0.109 0.085 1.666 1 0.203 
      
Disturbance-sensitivity -0.034 0.112 0.090 1 0.766 
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 Cortisol -0.217 0.285 0.581 1 0.450 
       
(b) Freshwater environment (Population level: n=8) 
Performance metric Variable Estimate SE F df P 
Freshwater biomass Intercept 394.317 58.393 - - 0.007 
      
Sociality 158.790 52.309 9.215 1 0.056 
      
Foraging -48.674 38.883 1.567 1 0.299 
      
Disturbance-sensitivity 16.370 37.769 0.188 1 0.694 
      
Cortisol -17.707 11.142 2.526 1 0.210 
           
Freshwater body mass  Intercept 5.788 0.442 - - 0.001 
      
Sociality 0.510 0.396 1.661 1 0.288 
      
Foraging -0.183 0.294 0.387 1 0.578 
      
Disturbance-sensitivity 0.340 0.286 1.415 1 0.320 
       
 Cortisol -0.121 0.084 2.056 1 0.247 
       
(c) Saltwater environment  (Population level: n=16) 
Performance metric Variable Estimate SE F df P 
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Saltwater biomass  Intercept 165.003 22.930 - - <.0001 
      
Sociality 10.609 7.228 2.154 1 0.179 
      
Foraging -4.561 9.554 0.227 1 0.642 
      
Disturbance-sensitivity -13.136 9.318 1.987 1 0.201 
      
Cortisol -0.607 0.527 1.328 1 0.276 
       
Saltwater body mass Intercept 121.634 9.991 - - <.0001 
      
Sociality -5.825 3.752 2.409 1 0.155 
      
Foraging -2.646 4.344 0.370 1 0.556 
      
Disturbance-sensitivity 1.1187 4.989 0.050 1 0.828 
      
Cortisol 0.278 0.237 1.414 1 0.263 
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Table 3.7 Summary of linear mixed models examining the effects of cortisol and 
behaviour on performance within a single environment. Freshwater cortisol and 
behaviour predicting freshwater performance at both the (a) family (n= 52) and (b) 
population (n=8) levels. (c) Saltwater cortisol and behaviours predicting saltwater 
performance at the population level (n=16). Population was included as a random effect 
in both the freshwater (n=52) and saltwater (n=16) environments. No random effects 
included in the freshwater population models (n=8) (significant P-values indicated in 
bold).  
Integrated within environments 
(a) Freshwater environment (Family level: n=52) 
Performance metric Model Variable Estimate SE F df P 
Freshwater biomass Energy Intercept 5.223 0.142 - - <.0001 
        
  Sociality 0.152 0.071 4.608 1 0.038 
        
  Foraging -0.191 0.087 4.752 1 0.035 
        
  Cortisol -0.157 0.240 0.428 1 0.517 
        
  Sociality 
x foraging 
-0.152 0.086 3.108 1 0.085 
        
  Cortisol 
x foraging 
0.541 0.219 6.123 1 0.017 
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  Cortisol 
x sociality  
-0.370 0.331 1.250 1 0.270 
        
  Cortisol 
x foraging 
x sociality 
0.812 0.317 6.545 1 0.014 
        
Freshwater body mass  Energy Intercept 5.233 0.176 - - <.0001 
        
  Sociality 0.238 0.092 6.708 1 0.014 
        
  Foraging -0.124 0.113 1.206 1 0.279 
        
  Cortisol -0.236 0.310 0.580 1 0.452 
        
  Sociality 
x foraging 
0.008 0.113 0.005 1 0.945 
        
  Cortisol 
x foraging 
0.367 0.286 1.651 1 0.206 
        
  Cortisol 
x sociality  
0.000 0.444 0.000 1 1.000 
        
  Cortisol 
x foraging 
x sociality 
0.922 0.414 4.961 1 0.031 
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Freshwater biomass Stress Intercept 5.235 0.154 - - <.0001 
       
 Cortisol -0.192 0.251 0.586 1 0.448 
       
 Disturbance-
sensitivity 
-0.005 0.099 0.003 1 0.958 
       
 Cortisol 
x Disturbance-
sensitivity 
0.275 0.282 0.954 1 0.334 
        
Freshwater body mass Stress Intercept 5.257 0.193 - - <.0001 
       
 Cortisol -0.262 0.317 0.684 1 0.413 
       
 Disturbance-
sensitivity 
-0.066 0.125 0.278 1 0.600 
       
 Cortisol 
x Disturbance-
sensitivity 
0.241 0.357 0.456  1 0.503 
        
(b) Freshwater environment (Population level: n=8) 
Performance metric Model Variable Estimate SE F df P 
Freshwater biomass 
 
Energy 
 
Intercept - - - 0 - 
        
  Cortisol - - - 0 - 
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x foraging 
x sociality 
        
  Intercept 5.101 0.483 - - 0.001 
        
  Cortisol -0.023 0.089 0.067 1 0.809 
        
  Foraging -0.025 0.259 0.009 1 0.927 
        
  Cortisol 
x foraging 
-0.058 0.266 0.048 1 0.837 
        
  Intercept 5.183 0.292 - - <.0001 
        
  Cortisol -0.021 0.056 0.137 1 0.730 
        
  Sociality -0.088 0.245 0.129 1 0.737 
        
  Cortisol 
x sociality 
-0.376 0.165 5.173 1 0.085 
        
  Intercept 4.875 0.136 - - <.0001 
        
  Foraging 0.257 0.314 0.459 1 0.459 
        
  Sociality -0.004 0.294 0.989 1 0.989 
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  Foraging 
x sociality 
0.972 0.836 0.310 1 0.310 
        
Freshwater body mass Energy Intercept - - - 0 - 
        
  Cortisol 
x foraging 
x sociality 
- - - 0 - 
        
  Intercept 5.340 0.448 - - 0.001 
        
  Cortisol -0.032 0.083 0.150 1 0.718 
        
  Foraging -0.092 0.240 0.147 1 0.721 
        
  Cortisol 
x foraging 
-0.074 0.248 0.090 1 0.779 
        
  Intercept 5.361 0.279 - - <.0001 
        
  Cortisol -0.017 0.054 0.766 1 0.766 
        
  Sociality -0.222 0.234 0.397 1 0.397 
        
  Cortisol 
x sociality 
-0.386 0.158 0.070 1 0.071 
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  Intercept 5.072 0.136 - - <.0001 
        
  Foraging -0.008 0.293 0.001 1 0.980 
        
  Sociality 0.136 0.313 0.188 1 0.687 
        
  Foraging 
x sociality 
0.946 0.834 1.285 1 0.320 
        
Freshwater biomass Stress Intercept 5.525 0.406 - - 0.001 
        
  Cortisol -0.073 0.080 0.820 1 0.417 
        
  Disturbance-
sensitivity 
0.259 0.281 0.850 1 0.409 
        
  Cortisol 
x Disturbance-
sensitivity 
0.134 0.284 0.223 1 0.661 
        
Freshwater body mass Stress Cortisol -0.054 0.091 0.352 1 0.585 
        
  Disturbance-
sensitivity 
0.118 0.319 0.137 1 0.730 
        
  Cortisol 
x Disturbance-
sensitivity 
0.140 0.322 0.189 1 0.686 
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(c) Saltwater environment  (Population: n=16) 
Performance metric Model Variable Estimate SE F df P 
Saltwater biomass Energy Intercept 156.091 29.47
5 
- - 0.004 
       
 Sociality 16.832 19.50
7 
0.745  0.413 
       
 Foraging -5.539 13.62
8 
0.165  0.695 
       
 Cortisol -0.389 0.878 0.196  0.676 
       
 Sociality 
x foraging 
3.439 30.45
4 
0.013  0.913 
       
 Cortisol 
x Sociality 
-0.528 1.400 0.143  0.717 
       
 Cortisol 
x foraging 
0.162 0.680 0.057  0.818 
       
 Cortisol 
x sociality 
x foraging 
0.892 1.206 0.547  0.485 
        
Saltwater body mass  Energy Intercept 123.406 8.836 - - <.0001 
       
 Sociality -9.864 5.438 3.290  0.107 
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 Foraging 1.514 3.717 0.166  0.695 
       
 Cortisol 0.212 0.261 0.662  0.446 
       
 Sociality 
x foraging 
13.104 8.766 2.235  0.174 
       
 Cortisol 
x Sociality 
0.397 0.401 0.979  0.353 
       
 Cortisol 
x foraging 
-0.247 0.193 1.640  0.236 
       
 Cortisol 
x sociality 
x foraging 
-0.313 0.334 0.880  0.379 
        
Saltwater biomass Stress Intercept 142.355 21.13
8 
- - <.0001 
       
 Cortisol 0.030 0.484 0.004  0.952 
       
 Disturbance-
sensitivity 
-10.619 9.121 1.356  0.293 
       
 Cortisol 
x Disturbance-
sensitivity 
0.185 0.266 0.485  0.516 
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Saltwater body mass Stress Intercept 129.902 9.650 - - <.0001 
       
 Cortisol 0.033 0.249 0.017  0.897 
 Disturbance-
sensitivity 
-0.653 5.631 0.014  0.910 
       
 Cortisol 
x Disturbance-
sensitivity 
-0.109 0.167 0.430   0.527 
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Table 3.8 Summary of linear mixed models examining the effects of cortisol and 
behaviour on performance across environments. Freshwater cortisol and behaviour 
predicting saltwater performance at both the (a) family (n= 52) and (b) population (n=8) 
levels. Population was included as a random effect in the family level (n=52) models but 
not in population level models (n=8) (significant P-values in bold). 
Integrated across environments 
(a) Freshwater environment (Family level: n=52) 
Performance metric Model Variable Estimate SE F df P 
Saltwater biomass Energy Intercept 137.173 10.858 - - <.0001 
        
  Sociality -0.428 3.450 0.015 1 0.902 
        
  Foraging -3.155 4.270 0.546 1 0.464 
        
  Cortisol 9.936 11.765 0.713 1 0.403 
        
  Sociality 
x foraging 
-6.827 4.056 2.833 1 0.101 
        
  Cortisol 
x foraging 
3.500 10.559 0.110 1 0.742 
        
  Cortisol 
x sociality  
-4.763 15.375 0.096 1 0.758 
        
  Cortisol 7.834 15.359 0.260 1 0.613 
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x foraging 
x sociality 
        
Saltwater body mass  Energy Intercept 187.070 6.075 - - <.0001 
        
  Sociality 4.652 3.044 2.337 1 0.134 
        
  Foraging -5.319 3.750 2.012 1 0.163 
        
  Cortisol 13.531 10.264 1.738 1 0.195 
        
  Sociality 
x foraging 
-8.647 3.706 5.444 1 0.024 
        
  Cortisol 
x foraging 
-4.109 9.407 0.191 1 0.664 
        
  Cortisol 
x sociality  
-8.306 14.258 0.339 1 0.563 
        
  Cortisol 
x foraging 
x sociality 
0.109 13.636 0.001 1 0.994 
        
Saltwater biomass Stress Intercept 137.008 10.464 - - <.0001 
        
  Cortisol 10.760 10.180 1.117 1 0.296 
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  Disturbance-sensitivity -2.796 3.970 0.496 1 0.485 
        
  Cortisol 
x Disturbance-sensitivity 
-13.288 11.258 1.393 1 0.245 
        
Saltwater body mass Stress Intercept 189.915 5.644 - - <.0001 
        
  Cortisol 10.422 9.613 1.176 1 0.285 
        
  Disturbance-sensitivity -5.448 3.814 2.040 1 0.160 
        
  Cortisol 
x Disturbance-sensitivity 
-8.188 11.133 0.541  1 0.466 
        
(b) Freshwater environment (Population level: n=8) 
Performance metric Model Variable Estimate SE F df P 
Saltwater biomass Energy Intercept - - - 0 - 
        
  Cortisol 
x foraging 
x sociality 
- - - 0 - 
        
  Intercept 214.533 17.583 - - 0.001 
        
  Cortisol -11.218 3.259 11.848 1 0.026 
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  Foraging 15.722 9.423 2.784 1 0.171 
        
  Cortisol 
x foraging 
13.193 9.706 1.848 1 0.246 
        
  Intercept 205.813 24.099 - - 0.001 
        
  Cortisol -9.742 4.623 4.441 1 0.103 
        
  Sociality 3.704 20.188 0.034 1 0.863 
        
  Cortisol 
x sociality 
0.025 13.622 0.000 1 0.999 
        
  Intercept 148.957 9.336 - - <.0001 
        
  Foraging 51.738 24.064 4.623 1 0.098 
        
  Sociality -39.965 19.396 4.246 1 0.108 
        
  Foraging 
x sociality 
37.508 35.784 1.099 1 0.354 
        
Saltwater body mass Energy Intercept - - - 0 - 
        
  Cortisol 
x foraging 
- - - 0 - 
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x sociality 
        
  Intercept 205.336 10.280 - - <.0001 
        
  Cortisol -2.178 1.906 1.306 1 0.317 
        
  Foraging 13.660 5.509 6.148 1 0.068 
        
  Cortisol 
x foraging 
3.157 5.675 0.310 1 0.608 
        
  Intercept 209.784 13.361 - - <.0001 
        
  Cortisol -3.138 2.563 1.499 1 0.288 
        
  Sociality 11.836 11.193 1.118 1 0.350 
        
  Cortisol 
x sociality 
-0.211 7.552 0.001 1 0.979 
        
  Intercept 193.102 3.838 - - <.0001 
        
  Foraging 16.365 8.268 3.918 1 0.119 
        
  Sociality -3.298 8.838 0.139 1 0.728 
        
  Foraging 8.236 23.549 0.122 1 0.744 
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x sociality 
        
Saltwater biomass Stress Intercept 208.583 22.774 - - 0.001 
        
  Cortisol -10.589 4.500 5.537 1 0.078 
        
  Disturbance-sensitivity 1.993 15.768 0.016 1 0.906 
        
  Cortisol 
x Disturbance-sensitivity 
10.657 15.916 0.448 1 0.540 
        
Saltwater body mass Stress Intercept 203.301 10.596 - - <.0001 
        
  Cortisol -2.025 2.093 0.934 1 0.388 
        
  Disturbance-sensitivity -8.881 7.336 1.466 1 0.293 
        
  Cortisol 
x Disturbance-sensitivity 
6.643 7.404 0.805 1 0.42 
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Table 3.9 Summary of linear mixed models examining the effects of freshwater 
performance predicting saltwater performance at both the (a) family (n=52) and (b) 
population levels (n=8). Population was included as a random effect in the family level 
(n=52) models but not in population level models (n=8) (significant P-values in bold).  
Performance across environments 
(a) Freshwater (Family level: n= 52) 
Performance metric Variable Estimate SE F df P 
Saltwater biomass Intercept 109.897 41.975 - - 0.012 
      
Freshwater biomass 6.694 8.136 0.677 1 0.414 
      
Intercept 110.867 33.336 - - 0.002 
      
Freshwater body mass 6.528 6.468 1.019 1 0.318 
       
Saltwater body mass Intercept 151.406 28.802 - - <.0001 
      
Freshwater biomass 8.854 5.583 1.018 1 0.132 
      
Intercept 169.620 23.190 - - <.0001 
      
Freshwater body mass 5.013 4.499 1.241 1 0.270 
       
(b) Freshwater environment (Population level: n=8) 
Performance metric Variable 
 
Estimate SE F df P 
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Saltwater biomass Intercept 71.393 151.882 - - 0.655 
      
Freshwater biomass 16.846 30.436 0.306 1 0.6 
      
Intercept 51.622 162.212 - - 0.761 
      
Freshwater body mass 20.028 31.286 0.356 1 0.546 
       
Saltwater body mass  Intercept 154.355 69.579 - - 0.068 
      
Freshwater biomass 7.824 13.943 0.315  0.595 
      
Intercept 180.271 76.673 - - 0.057 
      
Freshwater body mass 2.526 14.788 0.023 1 0.870 
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Figure 3.1 Visualization of the three-way interaction between baseline cortisol, foraging 
behaviour and sociality as a predictor of biomass at the freshwater stage. For ease of 
interpretation, the cortisol and behavioural metrics have been categorized into low vs. 
high categories relative to their means (www.jeremydawson.co.uk/3-
way_standardised.xls).  
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Figure 3.2 Three-dimensional fitness landscape representing saltwater biomass as the 
outcome from the optimal phenotypic integration between behavioural sociality and 
foraging behaviour (PCA scores) for 8 outbred populations of Chinook salmon. 
 
 
 
		 132	
 
 
Figure 3.3 Contour plot representing saltwater biomass as the fitness outcome from the 
optimal phenotypic integration between behavioural sociality and foraging behaviour 
(PCA scores) for 8 outbred populations of Chinook salmon. 
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CHAPTER 4 – GENERAL DISCUSSION 
Introduction 
The general theme of this thesis was to both challenge and expand on the proximate 
(mechanistic and environmental) and ultimate (evolutionary forces and functional 
significance) causes of phenotypic integration. To do so, sire effects were isolated from 
geographically distinct populations of Chinook salmon to observe the effects of 
outcrossing on an inbred domestic population. We determined that outcrossing could have 
profound effects on the variability of possibly locally-adapted traits - i.e. cortisol and 
behavioural traits (sociality, foraging, disturbance-sensitivity). The co-variation in these 
traits allowed us to holistically assess the collection of integrated (interactions) and 
independent (main effects) phenotypes influencing stress and energetic management on 
performance (body mass and biomass). Ultimately, we found that including phenotypic 
integration can increase our predictive capacity of how complex phenotypes generate 
variation in fitness and showed that this approach can be used to improve aquaculture 
production. 
Our research represented an almost ideal system to test whether traits involved in 
energetic- and stress-management, anticipated to be correlated (i.e., integrated) within 
Pacific salmon populations but expected to vary across the different populations due to 
local adaption, could predict variation in performance across different life-history stages 
of hybridized stocks raised under aquaculture conditions. Indeed, my results provided 
evidence for the effectiveness of integrated phenotypes in early life history to promote 
growth and survivorship in aquaculture, more so than any independent traits (i.e. main 
effects). Therefore, by systematically assessing multiple hybrid populations we can more 
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accurately select ideal integrated phenotypes most likely to increase performance on the 
farm. In Chapter 2, we provided evidence of complex integrated phenotypes between diel 
rhythms of cortisol and behaviours related to energy management (overall behavioural 
phenotype) that ultimately maximized the body mass of juvenile Chinook salmon at the 
population level during their freshwater stage. In Chapter 3, we found that at the family 
level, complex phenotypes which regulate a 3-way interaction between cortisol, foraging- 
and sociality behaviours influence biomass and body mass, again within the freshwater 
environment. However, when scaling this up to the population level, we found no 
meaningful integrated or independent effects of these traits on performance. Following 
the transition to the saltwater life history stage, we found that regardless of level of 
investigation (i.e., family and population), no phenotypic integration amongst saltwater-
expressed traits occurred, indicative that the correlation between these traits weakened, 
which is indicative of a shift towards phenotypic independence. Interestingly however, 
we were able to determine that the integration between family level foraging and sociality 
in the freshwater life history stage could be used to predict saltwater biomass in captive-
reared Chinook salmon. Overall, interaction effects in models consistently were the best 
predictors of performance throughout this thesis supporting the basic predictions of the 
theories of phenotypic integration and independence that integrated phenotypes are 
expected to benefit performance outcomes through more efficient functional performance 
(Brock and Weinig 2007; McGlothlin et al. 2007).  
 
From Darwin to the integrated phenotypes of today 
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The study of integrated phenotypes has undergone many advances over time, dating back 
to the days of Darwin when he referred to it as the “mysterious laws of correlation” 
(Darwin and Beer 1951 pg. 25). Darwin was one of the first to appreciate that phenotypic 
traits were often correlated (e.g., longer limbs were almost always accompanied by longer 
heads; Darwin and Beer 1951; ch.1). Research has expanded dramatically since this time, 
particularly in our understanding of correlational selection and as Darwin observed, 
morphological modularity. Modularity represents phenotypic traits (often morphological 
traits) that internally co-vary and are mostly independent from other structures of the 
organism (Olson and Miller 1999; Wagner and Altenberg 1996). Indeed, modularity was 
the first step towards the study of phenotypic integration where integration looks more 
closely at the pattern and strength of covariance within a module (Gould 2002). This 
work then led more recently to the theory of functional phenotypic integration, which 
specifically represents the covariation between functionally related traits within some 
functional context (Klingenberg 2014; Pigliucci 2003), as investigated in this thesis. 
While the majority of studies examining functional integration have focused on the 
morphological level of integration (e.g., how the functional performance of the upper and 
low jaws interact to influence gnawing or chewing (Hautier et al. 2012), my thesis has 
taken a novel approach to the framework of functional integration by examining how 
physiology and behaviour interact to influence the functional performance of stress and 
energetic management. 
 
Adaptation and constraints 
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The majority of literature on phenotypic integration in its adolescence viewed integration 
as an adaption to increase functional performance (Clausen and Hiesey 1960; Olson and 
Miller 1999). However, more recently researchers are recognizing that the tight co-
variance between traits may potentially constrain the future evolution of those traits 
(Arnold 1992; Sinervo and Svensson 2002). Within the scope of this thesis, hormones can 
increase organismal functional performance (optimized rate of hormone synthesis and 
release etc.), saving energy amongst many competing functions such as reproduction, 
immune response and growth. As hormones are often viewed as the connection between 
environment and phenotype (Lessells 2008), hormonally mediated traits such as 
behaviour will also co-vary. An illustrative effect of correlation selection on hormonally 
mediated traits is the hormonal-behavioural phenotypic integration of the electric signal 
of male and female electric fish, Brachyhypopomus gauderio. Gavassa and colleagues 
(2011) found that the signal pulse duration used for communication was dependent on the 
production of testosterone (T) and 11- ketotestosterone (11-KT) and further on gonadal 
size (males) or estradiol (E2) levels (females). The authors determined that the duration of 
the signal pulse was correlated with androgen production, indicating a tight phenotypic 
integration (Gavassa et al. 2011), suggesting that these co-varying traits must have 
offered some adaptive benefit to fitness in order to become so tightly coupled (Brock and 
Weinig 2007; McGlothlin et al. 2007).  
One of the potential constraints acting on this type of integration is sudden 
environmental change, where components of the phenotype may need to shift 
independently (i.e., are readily uncoupled; Ketterson et al. 2009) from the other traits, 
especially if natural selection favours a new correlative suite of traits (McGlothlin and 
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Ketterson 2008). Therefore, a more stochastic set of environmental conditions may select 
for traits within a population that are more phenotypically independent, allowing 
individuals more flexibility to adapt to sudden change (Ketterson et al. 2009). For 
example, Gianoli and Palacio-López (2009) identified a negative relationship (suggestive 
of a trade-off) between phenotypic correlations and the degree of phenotypic plasticity 
(determined by slopes of reaction norms) across environment types (drought) in the bushy 
matgrass (Lippia alba). However, very few researchers have specifically targeted the 
trade-off between integration and independence in vertebrates (Earley et al. 2012). Hau 
(2007) recognized this trade off and referred to two hypotheses – the evolutionary 
constraints hypothesis (integration) and the evolutionary potential hypothesis 
(independence) – to explain the mechanistic basis of life-history evolution. These two 
hypotheses should be considered in more detail to account for the evolutionary trajectory 
of a population exposed to a novel environment, such as captivity (see next section); and 
further, how integrated phenotypes are expected to respond to increased environmental 
stochasticity due to climate change (see section, ‘Future Directions’).  
 
Applications for phenotypic integration in aquaculture  
Throughout this thesis I have attempted to evaluate the capacity for using the theory of 
integrated phenotypes within aquaculture. Two main conclusions can be made from this 
application in 1) assessing the feasibility and logistics for a producer, and 2) the long-
term value and robustness of these integrated phenotypes. Similar to the study of 
phenotypic plasticity (Schlichting 1989), the study of phenotypic integration faces 
comparable logistical issues through the need to include an ever-increasing number of 
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individuals in the study. Consider the orchestration of sampling multiple individuals 
across populations, accounting for numerous traits and often across multiple life histories 
to determine ontogenetic shifts in phenotypic traits that ultimately should impact fitness. 
Moreover, the potential disruption of integrated phenotypes that can additionally occur 
from the introduction of environmental stressors (dysregulation: more detail below) can 
further impede the practicality of studying phenotypic integration in aquaculture. 
Therefore, identifying integration or valuable phenotypes at the population-level 
(Chapters 2 and 3) or family-level (Chapter 3), rather than individual-level, is highly 
pertinent to an industry like aquaculture that relies on maximizing production while 
minimizing housing and feeding costs. Screening at the individual level is therefore 
simply not feasible (Castanheira et al. 2013; Pigliucci 2003); instead, determining 
whether integrated phenotypes exist at the population or family level is more practical 
and applicable. Synthesizing traits to a mean population or family value, allows for the 
demonstration of combinations of physiological and behavioural traits that may be best 
for predicting variation in performance, thereby increasing the chance that the desired 
phenotypes will remain robust under the many stresses of captivity.  
 Determining the long-term gain and the actual robustness of the integrated 
phenotypes found in this study are therefore quite complicated because we are still 
learning the benefits, costs and constraints generated by integration. My findings in this 
thesis agree with the theories of phenotypic integration and independence, particularly the 
manner in which integrated phenotypes are expected to increase performance 
(McGlothlin et al. 2007). However, because integrated phenotypes are expected to lack 
flexibility (compared to independent phenotypes), potentially decreasing fitness during 
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stressful situations or novel conditions (Bass and Lester 1983; Ketterson et al. 2009), I 
would argue that aquaculture producers should try to match early-rearing (i.e., freshwater) 
environments to that found in captivity (consistent, low predation etc.). This approach 
should increase the probability of selecting an integrated phenotype that will produce the 
highest performance in captivity, but for how many generations? 
Regardless of aquaculture’s best efforts, the industry cannot truly produce the 
same environment these animals experience in nature making the selection for an 
“aquaculture phenotype” inevitable (Kohane and Parsons 1988; Trut et al. 2009; Wright 
et al. 2005), raising the question of whether an integrated phenotype in an F1 generation 
will maintain its integrity across generations in captivity. One issue with predicting the 
long-term performance of our populations after generations of selection is we are 
assuming somewhat of a false dichotomy between integration and independence. In 
reality, the populations or families in this study likely fall somewhere between complete 
integration and independence in their phenotypes as selective forces constantly change 
(Ketterson et al. 2009), making their evolutionary trajectory difficult to predict. However, 
while integrated phenotypes should maintain high performance for many generations 
given the intended consistency of the captive environment, inevitably we can expect the 
unintentional modification through artificial selection of co-dependent components due to 
the many uncertainties surrounding competing functional systems also under selection in 
captivity (reproductive, immune, endocrine etc.).  
 
Selecting the highest performing population 
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In Chapter 2, the fully domesticated stock (YIAL) appeared to perform the best (i.e., high 
body mass in fresh water). Robertson Creek additionally produced a suitable and 
similarly integrated phenotype that generated an elevated body mass. While YIAL and 
Robertson Creek had similar nighttime cortisol production (approx. 70 ng/ml), they 
varied slightly in their behavioural output, with YIAL being more cohesive and more 
efficient feeders and Robertson Creek being more random in their swimming and less 
efficient in their foraging. As such, these populations are employing slightly different 
behaviours to achieve the same fitness goal (increased body mass). In Chapter 3, I found 
no main effects or interactions that predicted saltwater performance at a population level, 
which is likely due to a lack of statistical power, making it unclear whether one 
population generated a clear advantage at the saltwater life history stage for the producer. 
This lack of clearcut results (single-trait or multi-trait) at the population level does not 
necessarily mean phenotypes no longer remain integrated at the population level but 
perhaps simply, the variation amongst samples at this level of organization precludes us 
from clearly determining whether phenotypic integration continues to persist. Family 
level analyses were highly predictive of performance within each life history stage, 
providing an argument for the family level assessment of traits by aquaculture producers. 
However, the feasibility of sampling at a family level is questionable due to the mass 
production found in aquaculture, and thus the economic feasibility of screening family 
level integrated phenotypes still needs to be tested. However, across this thesis, Robertson 
Creek showed the highest overall biomass at our final sampling period in saltwater (May 
18th, 2015), with Quinsam having the second highest. Therefore, I would recommend 
Robertson Creek as the most ideal population with which to supplement the domesticated 
stock in this particular aquaculture operation.  
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Future directions 
Based on the results of my thesis three general recommendations for future research can 
be made: 1) determining causation from correlation, 2) anticipating the occurrence of 
dysregulation of phenotypic traits, and 3) predicting the resilience of integrated 
phenotypes in the face of a changing climate. Throughout this thesis we used a 
combination of probability (p-values) and degree-of-fit (R2) values mapped onto 
performance metrics to determine with the highest probable certainty that integrated 
phenotypes were present across families and populations. The next logical step is to try 
and determine the actual cause and effect within these integrated phenotypes. For 
example, once correlative relationships had been identified to signal the presence of 
integrated phenotypes, single traits could be manipulated and the downstream changes in 
the correlated traits could be measured (e.g., cortisol manipulation). As described in the 
introduction of this thesis, traditional methods through single trait manipulation studies 
have been carried out to determine the causation of single-traits (Physiology: Endler 
1995; Kettlewell 1973 and Behaviour: Lefcort and Blaustein 1995; Wasserzug and Sperry 
1977). However, within the framework of phenotypic integration, researchers must first 
attempt to describe the multi-trait contributions to a phenotype, at which point the 
manipulation of single-traits should reveal their true contributions to a complex 
phenotype and thus ultimately performance or fitness. To my knowledge, no study to date 
has yet conducted this holistic research. One consideration that must be taken into 
account, especially when conducting physiological manipulations on a study species, is 
the potential for the uncoupling of integrated phenotypes via environmental stressors 
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potentially promoting false positives or negatives through masking or amplifying effects 
of dysregulation to integrated phenotypes (Killen et al. 2013). 
Dysregulation, described loosely, is the impairment or abnormalities of a 
physiological or behavioural process that has become disrupted. Thus within the 
framework of this thesis, dysregulation is the decoupling of integrated phenotypes 
causing maladaptive changes. This decoupling can result from developmental stress 
(Careau et al. 2014; Nederhof and Schmidt 2012), selection events (Sichova et al. 2014) 
and environmental stress (Finstad et al. 2007; Killen et al. 2013). Developmental stress 
can cause phenotypic dysregulation as shown by Careau and colleagues (2014) in which 
zebra finches (Taeniopygia guttata) exposed to dietary restrictions during the nestling 
stage resulted in a disassociated relationship (when normally they were correlated) 
between activity in a novel environment and two physiological traits (hematocrit and 
basal metabolic rate) at the adult stage. Dysregulation may also occur due to 
introgression, where new alleles entering into a population disrupt the linkages between 
physiology and behaviours that have co-evolved in a population. For example, Sichova et 
al (2014) found that the normally positive relationship between proactive behaviour and 
basal metabolic rate in wild-caught male bank voles (Myodes glareolus) was disrupted in 
introgressed males hybridized with Myodes rutilus, resulting in a negative relationship 
between the previously positively-related traits. Input of these foreign alleles likely 
caused the disassociation between high basal metabolic rate and its adaptive behaviour 
(i.e., general activity, novelty seeking, resistance to stress, aggressiveness and earlier 
maturation) resulting in a negative energy budget. Finally, dysregulation can be caused 
from environmental stress. For example, Finstad and colleagues (2007) examined the 
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relationship between standard metabolic rate (SMR) and feeding ability in the presence of 
complex shelters and in the absence of cover in Atlantic salmon (Salmo salar). They 
found that the effect of metabolic rate on performance (growth) was dependent on the 
spatial structure of the habitat: under environmental stress (lack of shelter), individuals 
with high competitive ability and high SMR experienced reduced growth rate from their 
internal energy demand (i.e., the inability to acquire food resources as the spent time 
being vigilant increased) indicating the masking effects of an environmental stressor. The 
relationships between physiology and behaviour can also be amplified. Staying within the 
realm of energy management, acute temperature changes can shift metabolic rate (MR) of 
ectotherms such as salmon. This change in MR can increase activity levels and thus 
foraging to meet energy requirements, thus amplifying the relationship between MR and 
foraging rate (Koskela et al. 1997). The masking or amplifying effects of environmental 
stressors particularly in aquaculture should be considered when examining integrated 
phenotypes influence on performance. Specifically, because amplifying or masking could 
lead to the misinterpretation of the long-term performance of an integrated phenotype and 
therefore, relationships between physiology and behaviour may be interpreted as 
integration rather than simply a response to acute environmental change.  
 Although there is ample empirical evidence describing dysregulation as an 
outcome of various stressors, to my knowledge no studies have shown the factors 
contributing to the robustness of an integrated or independent phenotype, thereby 
avoiding or reducing the chances for dysregulation. Given that a main contributor of 
dysregulation appears to be generated by severe environmental stress, I would predict that 
more flexible or plastic (independent phenotypes) individuals at the genetic, physiological 
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and/or behavioural levels may be most robust to avoiding dysregulation. This type of 
predictive information can have major applications both for aquaculture producers in 
identifying and then eliminating the sources of dysregulation before suffering sufficient 
loss, as well as for conservation authorities by potentially using dysregulation as an 
indicator of ecosystem dysfunction. 
With climate change generating increases in environmentally stochastic events, 
the resilience, and therefore adaptive potential, of integrated phenotypes has never been 
more in question. As an extension of adaptive landscapes (used to map fitness onto co-
varying traits or genes), a dynamic adaptive landscape, proposed by Laughlin and Messier 
(2015) is an ecological framework for quantifying how the shape of the adaptive 
landscape changes across environmental gradients. The basis of these models is 
accomplished using a combination of  maximum intraspecific trait covariance (pmax) 
determined by the maximum covariance of the predictive traits of interest, followed by 
mapping pmax over an environmental gradient. Through the generation of environmental 
gradients (e.g., Doebeli and Dieckmann 2003), researchers can take their multi-trait 
phenotypes and examine the relative change of these phenotypes across these gradients by 
examining the change in trait-space, which is a mathematical representation of all 
possible combinations of trait values (Laughlin and Messier 2015). Researchers can then 
take a likelihood approach to determining how fitness will be impacted across these 
environmental gradients via its impacts on the overall integrated phenotype. Although 
Laughlin and Messier (2015) recommend using probability theory to attach fitness values 
to phenotypic values, if fitness metrics have already been determined (as they have been 
for this thesis), one can potentially decrease possible mathematical errors. In this case, 
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trait values can then be regressed along environmental gradients to determine the adaptive 
value of the traits where significant trait by environment relationships imply that the 
adaptive value of the phenotype is dependent on the environment. A major benefit of 
using this likelihood approach is the relatively low data requirements, where a small 
subset of trait values within a given environment can support the analysis (Felsenstein 
1973; Laughlin and Messier 2015). Researches such as Atwell and colleagues (2014) 
have recently adopted these types of analyses and applied them to determine how species 
such as the dark-eyed junco (Junco hyemalis) will respond to the colonization of a new, 
much milder climate. The authors observed a correlated shift in multiple traits (behaviour 
and plumage) and predicted the shift would likely be mediated by testosterone (Atwell et 
al. 2014), indicating plasticity in the new environment. The use of these types of models 
should not only increase our understanding of how integrated phenotypes will respond 
across an environmental gradient, but thay can also be used for applications in 
aquaculture, particularly in predicting how multiple covarying traits will change from the 
dramatic environmental shift from the wild to captivity.  
My research has created the foundation to look further into all three of my 
recommended future directions. This thesis can be used as the necessary correlative basis 
to 1) describe the integrated phenotypes before employing a manupulative study to 
explore causation, 2) future test the robustness of integrated phenotypes against an 
assortment of stressors (environmental, selection eveents and introgression), and finally 
3) apply the known environmental data and correlative suites of traits within an adpative 
model to predict the resilience of these integrated phenotypes to a changing environment. 
Conclusions 
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Overall my thesis has provided an integrated approach to examine the complex linkages 
that exist between baseline cortisol and behavioural traits within an aquaculture setting. 
This thesis provides novel insight into the integrated phenotypes that both exist between 
baseline cortisol and behavioral traits related to energy management (foraging and 
sociality) and do not exist (stress management: cortisol and disturbance sensitivity) across 
both family and population levels. I have drawn attention to the increased predictive 
power of examining multiple co-varying traits compared to examining traits 
independently. Taken together, both the ecological and applied nature of this work can be 
used for the increased understanding of how traits become integrated to benefit functional 
performance and further, apply this work to help aquaculture producers maximize 
production through more effective and robust selection of ideal phenotypes.  
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